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                              Introduction in nanotechnology: 

Physicist Richard Feynman introduced the term nanotechnology in 1959. In his influential 

lecture, “There’s Plenty of Room at the Bottom,” he underscored the potential inherent in 

exploring and controlling structures at the molecular level, thus laying the conceptual 

foundation for the field. In contemporary scientific literature, nanotechnology is 

conceptualized as a multidisciplinary domain focused on the controlled design and application 

of materials and phenomena occurring at sub-100-nanometer scales. Nanoscience is concerned 

with exploring and manipulating materials at the atomic to macromolecular levels, where their 

behaviours and characteristics deviate markedly from those observed at larger dimensions[1]. 

Complementarily, nanotechnology focuses on the engineering, synthesis, and practical 

deployment of nanoscale structures and systems achieved by regulating their size and shape at 

the nanometer range. These systems hold considerable promise for enhancing numerous areas 

of study and real-world application. The term nanometer (nm) defines a dimensional unit 

equivalent to 1 × 10-9 meters. At nanometer dimensions, materials may display altered 

properties, which can be explained by two principal underlying causes. The primary factor is 

that nanomaterials display a significantly enlarged surface-to-volume ratio in contrast to bulk 

materials of equal mass, thereby increasing their reactivity and potentially altering their 

structural strength. A further factor is the emergence of quantum effects at very small sizes, 

which can strongly modify the optical, structural, and magnetic responses of nanomaterials. 

These materials can exist in several dimensional regimes, ranging from one-dimensional ultra-

thin coatings to two-dimensional nanowires and nanotubes, and even three-dimensional 

nanoparticles. Central to nanotechnology is the principle of reducing structures to nanoscale 

dimensions[2].  

1.1. Critical Role of Materials at the Nanoscale: 

Nanoscale materials possess exceptional optical, magnetic, electrical, and other characteristics 

that originate from their reduced particle dimensions. Once particle sizes drop below 100 nm, 

the system experiences a pronounced increase in surface-to-volume ratio and specific surface 

area. The total surface energy grows with expanding surface area, a relationship that is strongly  

governed by the dimensionality of the material. Such heightened energy states contribute to the 

persistence and stabilization of metastable structures at the nanoscale. Nanostructures differ 
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from their bulk counterparts in a manner that induces a relaxation of the standard crystalline 

lattice, thereby influencing the physical and chemical properties of the material. Nanostructures 

differ from their bulk counterparts in a manner that induces a relaxation of the standard 

crystalline lattice, thereby influencing the physical and chemical properties of the material[3]. 

The capacity to modulate the properties of materials by manipulating this factor is critical for 

various advanced technological applications. The population of atomic vacancies, existing 

inherently at thermal equilibrium, represents another significant consideration in the study of 

nanostructures. In nanostructured systems, the presence of atomic vacancies and other lattice 

defects plays a crucial role in determining numerous physical properties. The introduction of 

linear strain exhibits an inverse relationship with particle dimensions, causing a decrease in the 

lattice constant or interatomic distances in nanoscale materials[4].  

1.2. Effects of Nanoscale Confinement on Material Optical Properties:  

From an electronic perspective, metals are characterized by partially filled conduction bands. 

In contrast, semiconductors have a completely filled valence band separated from an almost 

empty conduction band by an energy gap Eg, which corresponds to the HOMO-LUMO gap in 

molecular systems. Insulators share the same fundamental electronic structure as 

semiconductors but differ mainly by possessing a significantly wider bandgap, as illustrated in 

Fig 1.1. Typically, materials with a bandgap below about 0.1 eV behave as metals, those with 

bandgaps in the range of 0.5–3.5 eV are classified as semiconductors, and substances with 

bandgaps of approximately 4 eV or higher are considered insulators. When the dimensions of 

an inorganic crystalline solid are reduced to the nanometer scale, the material can exhibit 

distinctive optical and electronic behaviours that are not seen in its bulk form. Semiconducting 

materials that are confined to dimensions of roughly 1–10 nm in all directions are commonly 

known as quantum dots or semiconductor nanocrystals. At these extremely small scales, the 

electrons display pronounced quantum-mechanical behaviour[4], [5], [6], [6], [7].  
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Fig 1.1: Comparative energy band structures of metals, semiconductors, and insulators. 

In semiconductor nanocrystals, the behaviour of optical absorption and photoluminescence 

differs distinctly from that observed in traditional molecular systems. When a semiconductor 

absorbs a photon, an electron from the valence band is excited into the conduction band, 

creating a corresponding hole in the valence band. After excitation, the electron in the 

conduction band rapidly settles into its lowest available energy level, while the hole 

simultaneously migrates to the uppermost state of the valence band. The buildup of holes in 

the highest valence-band levels facilitates the downward relaxation of valence electrons into 

lower-energy states. Emission via photoluminescence is produced by electron–hole 

recombination: a conduction-band electron fills a valence-band hole, converting the pair’s 

energy into a photon and removing both excitations. Within the framework of solid-state 

physics, the coupled electron-hole pair is regarded as a unified object, since the absence of one 

would violate charge balance. This quasi-particle, called an exciton, consists of an electron and 

a hole whose opposite charges generate a strong Coulomb attraction, thereby restricting their 

motion to a nanoscale volume within the crystal. For a particular material, the exciton’s 

effective volume can be evaluated. When the dimensions of a nanocrystal shrink to the scale 

of its Bohr radius, quantum confinement effects begin to dominate. Using the modified Bohr 

model described in Equation 1.1, it is possible to determine the effective spatial separation 

between an electron and its associated hole, collectively known as an exciton.  
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                                  r =  
𝜀ℎ2

𝜋𝑚𝑟𝑒2                                                               (1.1)      

Here, r indicates the radius that characterizes the 3D spacing between the electron and hole. 

The term ε stands for the dielectric constant of the semiconductor, mr refers to the reduced 

electron-hole mass, while h and e correspond to Planck’s constant and the electron’s charge, 

respectively.          

Ion cyclotron resonance studies have provided values for electron and hole effective masses in 

many semiconductors, revealing that they commonly lie between 0.1 me and 3 me. For most 

semiconductor materials, their characteristic dielectric constants lead to estimated electron-

hole pair spacings of approximately 1 to 10 nm. When excitons are generated at this size scale, 

the nanocrystal’s physical boundaries restrict their motion in a manner reminiscent of the 

particle-in-a-box model. Thus, effects such as energy level quantization are theoretically 

observable at the nanoscale. One can regard the electronic structure of a nanoparticle as  

Fig 1.2: Energy Level Diagrams of Bulk, Nanocrystal, and Molecular Systems. 

 

 

transitional between continuum band states and discrete molecular orbitals (illustrated in Fig 
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1.2). This intermediate nature causes the energy gap 𝐸𝑔 to be size-dependent: reducing particle 

dimensions produce an increase in 𝐸𝑔. The effective-mass model of Brus provides the 

theoretical framework that relates bandgap enlargement to particle size[8], [9]. 

1.3.  Introduction of photocatalysis: 

With energy scarcity and environmental degradation becoming critical global issues, 

significant research initiatives have focused on mitigating fossil fuel depletion and persistent 

pollution by developing sustainable energy systems and green technological 

solutions[10][11][12][13]. Within this framework, photocatalysis emerges as an appealing 

strategy, utilizing a semiconductor-based photocatalyst and harnessing solar energy as its only 

power input. Particularly, photocatalysis holds great promise for hydrogen and oxygen 

generation through water splitting and for the photocatalytic reduction of CO2 into hydrocarbon 

fuels[14][15][16]. Beyond energy applications, photocatalysis offers considerable potential in 

the decomposition of dyes and volatile organic compounds (VOCs), in bacterial inactivation, 

and in directing selective organic syntheses. Photocatalytic activity on semiconductor catalysts 

generally involves four major steps: 

(1) photoexcitation leading to electron–hole pair formation, 

(2) their separation and migration to active surface sites, 

(3) engagement of these carriers in oxidation–reduction reactions, and 

(4) eventual carrier recombination within the bulk phase or at the catalyst surface. 

The interrelated nature of these steps means that the thermodynamic feasibility and kinetic rates 

of the individual processes collectively dictate the efficiency of a photocatalyst[17][18].  

1.4. Challenges in photocatalyst: 

The seminal work of Fujishima and Honda on TiO2-mediated photoelectrochemical hydrogen 

evolution has prompted broad research into diverse semiconductor photocatalysts[19]. 

Nevertheless, the modest performance of the synthesized photocatalysts continues to constrain 

their practical implementation[20][21][22]. An important challenge is minimizing the rapid  

 

 

electron–hole recombination that occurs under illumination. This process is strongly promoted 

by the Coulomb attraction between the charges, comparable to how gravity pulls a person back 

to the ground after a jump (Fig 1.3(a–b))[23]. Another limitation of single-material 
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photocatalysts is that achieving both robust redox potential and an extended light-harvesting 

range is difficult, as these characteristics generally do not coexist effectively. To supply the 

required oxidative or reductive force for a particular surface reaction, a single-component 

catalyst must possess a sufficiently high bandgap, because greater bandgap energies enhance 

redox potential. On the other hand, efficient solar-energy utilization calls for a decreased 

bandgap because materials with lower bandgaps can capture a wider portion of the solar 

spectrum. Consequently, creating simple yet efficient methods to address these issues is 

essential for boosting the overall performance of photocatalysts.  

 

 

 

 

 

 

 

 

Fig 1.3: (a) how gravity affects a human jumping off the surface, and 

(b) the process by which electrons and holes reunite in a lone photocatalyst material[23]. 

1.5. Strategies for Overcoming Challenges: 

Until now, a wide range of strategies and studies have been implemented to tackle these 

issues[23]. Of the strategies explored, heterojunction structures stand out for their ability to 

decouple photogenerated electrons and holes and to synergistically integrate the favourable 

properties of each component[24]. Typically constructed from two semiconductors that present 

a staggered band alignment, these heterojunctions facilitate the Type-II photocatalytic 

mechanism, as depicted in Fig 1.4a. Under sufficient photoexcitation, both photocatalysts form 

electron–hole pairs; the excited electrons in PC-I, which possesses a higher conduction-band 

edge, preferentially transfer to the conduction band of PC-II where the energy is lower[25].  
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Conversely, the holes produced under light excitation in both semiconductor components drift 

in the reverse direction relative to the electron flow. Consequently, light-induced electrons are 

retained by PC II for reductive processes, whereas holes are sequestered on PC I for oxidative 

reactions[17]. Such enforced spatial separation minimizes charge recombination and 

substantially boosts the heterojunction’s energy conversion performance[17][22]. Despite 

these advantages, the redox potentials of the photogenerated carriers are compromised, 

producing a reduced driving force that can be insufficient to drive specific photocatalytic 

transformations. Accordingly, manipulating photoinduced carriers using a Z-scheme strategy 

is strongly favoured in heterostructure engineering, since it preserves stronger redox potentials 

and delivers benefits not achieved by the Type-II arrangement. Although the band-alignment 

of direct Z-scheme photocatalysts resembles that of Type-II heterojunctions, their charge-

transfer dynamics are markedly different, a distinction clearly depicted in Fig 1.4b. Under the 

direct Z-scheme charge-transfer process, the system conserves the highly active CB electrons 

of PC I and the robust VB holes of PC II, whereas the less energetic CB electrons of PC II and 

VB holes of PC I are eliminated through recombination. Therefore, the Z-scheme design 

enables the coexistence of robust redox activity and clearly separated oxidative and reductive 

active sites, both of which are essential for improved photocatalytic performance. Additionally, 

the use of semiconductors possessing reduced bandgap energies in direct Z-scheme 

photocatalysts enables enhanced solar-light utilization by expanding the absorption 

window[26].  

  

 

45

188

Page 27 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615

Page 27 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615



Fig 1.4: (a) Schematic of a Type-II heterojunction and (b) a direct Z-scheme heterojunction. 

CB and VB represent the conduction and valence bands, and PC I / PC II refer to the two 

photocatalyst components. 

1.6. Polyaniline as a photocatalyst: 

Over the past decade, intensified efforts to develop efficient photocatalytic materials have been 

driven by their prospective contributions to sustainable energy and environmental protection. 

Notably, polyaniline-based nanocomposites exhibit a combination of desirable attributes, 

including strong stability, high conductivity, and tunable optical/electronic properties, that 

make them attractive for advanced applications[27].  

As a conductive polymer with exceptional physicochemical traits, polyaniline (PANI) has been 

widely explored for applications ranging from electronic components and sensor platforms to 

various energy-storage systems[28]. The addition of PANI to nanocomposites has enabled the 

creation of materials with improved characteristics, including greater surface area, enhanced 

catalysis, and more effective light absorption[29]. Polyaniline-based nanocomposites 

demonstrate significant potential in areas like photocatalytic breakdown of contaminants and 

the production of hydrogen[30]. In photocatalytic degradation, illumination triggers chemical 

reactions that convert harmful pollutants into safer compounds. In contrast, the production of 

hydrogen utilizes photocatalytic materials to decompose water molecules, yielding hydrogen 

and oxygen that serve as a clean, renewable form of energy[31]. Both fields have emerged as 

key areas of study, largely due to their promise in overcoming pressing environmental problems 

and fulfilling future energy requirements[32]. The degradation of dyes through photocatalysis, 

where semiconductor materials facilitate the breakdown of hazardous organic pollutants has 

gained recognition as a sustainable and efficient technique for managing industrial wastewater. 

At the same time, the photocatalytic generation of hydrogen, relying on the same class of 

semiconductor catalysts to drive water-splitting, has attracted attention as a promising approach 

to clean, renewable energy production. Emerging evidence shows that photocatalytic dye 

degradation and hydrogen evolution can be coupled within one multifunctional setup, where 

pollutant breakdown is accompanied by the generation of hydrogen as a beneficial by-

product[33]. The integration of dye degradation and hydrogen production within a single 

photocatalytic system offers an exceptional opportunity to confront environmental 

contamination and renewable-energy requirements concurrently, supporting the transition 

toward sustainability[31]. In recent times, a substantial body of work has examined the  
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fabrication and detailed characterization of polyaniline-derived nanocomposites for their 

photocatalytic degradation performance and hydrogen-generation capability. Collectively, 

these studies demonstrate that PANI-based nanocomposites deliver notable catalytic 

performance, long-term stability, and favourable energy-conversion efficiencies[34]. 

Integration of these nanocomposites into photocatalytic processes promises a cost-effective, 

environmentally benign strategy for pollutant abatement and concurrent H₂ production, 

supporting sustainable energy applications[35]. Overall, polyaniline-based nanocomposites 

show great promise for photocatalytic degradation and hydrogen production; continued 

development of these materials is likely to yield important strides in environmental cleanup 

and sustainable energy solutions.  

1.8. Importance of the proposed investigation: 

1. The current endeavour aims to reduce the volume and toxicity of wastewater produced by 

the textile industry. 

2. The proposed study will employ a cost-effective and non-toxic method for the photocatalytic 

degradation of textile dyes and the production of green hydrogen using solar light. 

3. The development of a selective photocatalyst material will enable the efficient degradation 

of organic pollutants and the production of hydrogen energy by half-water splitting. 

4. A more dependable photocatalyst design that can be activated by both UV-visible and solar 

light is being pursued. 

5. Analytical methods will be employed to identify useful end products and transfer technical 

knowledge to collaborative textile industries. 

6. The efficiency of textile dye degradation through photocatalysis will be compared under 

solar and UV irradiation, and possibilities for a cost-effective approach to significantly improve 

efficiency will be explored. 

1.9. Literature Review: 

1.9.1. Photocatalytic degradation of organic pollutants: 

There are a very large of studies on the photocatalytic degradation of organic pollutants. Herein, 

a few studies are discussed when in PANI composites has been used for degradation of dye.  
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Jumat et al. (2017) [10] prepared in situ, a spherical dispersed TiO2 anchored on the polymeric 

chain was successfully synthesized using PANI-TiO2 as a catalyst with a 4% dosage, exhibiting 

excellent photocatalytic performance for the degradation of methylene blue (MB) under Vis-

lamp irradiation. Characterization techniques such as SEM and TEM revealed the presence of 

uniformly dispersed TiO2 particles on the polymer chain, while XRD analysis confirmed a 

crystallite size of 16.27 nm. Additionally, UV-visible spectroscopy measurements 

demonstrated a significantly lowered band gap of 3.15 eV. This catalyst achieved an impressive 

99% degradation efficiency of MB by 4 hours of irradiation. 

Chauhan et al. (2013) [11] using an in-situ approach, in which a pinstriped and spherical 

particle of PANI, along with small agglomerated TiO2, was successfully deposited on cotton 

fibers, and the morphology was characterized by SEM and TEM. The photocatalytic 

performance of the PANI/TiO2-modified cotton was evaluated under irradiation from a 300 W 

Xenon arc lamp, achieving 87.7% degradation efficiency of Rhd-B dye by 3 hours irradiation 

at a concentration of 1.0 × 10−5 M. Further analysis by FT-IR indicated a higher intensity of –

OH groups on the modified cotton, while XPS analysis identified a higher binding energy, 

suggesting enhanced interactions between the PANI/TiO2 particles and the cotton fiber.  

Song et al. (2020) [12] by employing self-assembly techniques to fabricate and characterised 

PVA/PANI/TiO2 hydrogels were successfully fabricated and characterized using SEM, 

revealing the presence of open channels within the structure. The photocatalytic performance 

of these hydrogels was evaluated under irradiation from a 100 W mercury lamp, showcasing 

an impressive 78.7% degradation efficiency of MB dye at concentrations of 10 mg and 25 mg 

L−1. Notably, the addition of PANI resulted in the identification of intense and broad peaks, 

indicating its successful incorporation into the hydrogel matrix. 

Koysuren et al. (2019) [13], prepared PANI/Fe–TiO2 composite and investigated for its 

photocatalytic activity against MB dye under irradiation from a 30 W UV lamp, resulting in a 

28% degradation efficiency in 2.5 hours irradiation time at a concentration of 10 mg L−1. The 

microstructural analysis using SEM and TEM unveiled the presence of well-ordered 

aggregation of TiO2 and Fe–TiO2 onto the polymeric network, indicating a highly crystalline 

structure. Furthermore, FT-IR analysis provided evidence of bonding linkages between Fe and 

TiO2 as well as PANI–Fe, confirming the successful incorporation of Fe into the composite 

material. 
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Liu et al. (2014) [14] using an in-situ method, prepared spherical TiO2 and SiO2 nano fibers 

coated with PANI powder. The photocatalytic activity of the PANI/TiO2/SiO2 composite was 

evaluated under irradiation from a 500 W Xenon arc lamp, exhibiting an impressive 87% 

degradation efficiency of MO dye at a concentration of 1.5 mg L−1. Additionally, XRD 

analysis indicated an increased peak intensity upon the addition of SiO2, suggesting improved 

crystallinity and enhanced structural properties of the composite material. 

Maruthapandi et al. (2020) [15] utilizing Sono chemical synthesis, flake-like SiO2 particles 

were successfully anchored onto the PANI network. The photocatalytic performance of the 

PANI/SiO2 composite was evaluated for the degradation of MB dye at a concentration of 50 

mg and pH 6.7, resulting in a significant 74% degradation efficiency. Notably, XRD analysis 

revealed that the addition of SiO2 led to a narrowing of the broader peak of PANI, indicating 

improved crystallinity and enhanced structural properties of the composite material. 

Table 1.1. Degradation of the organic contaminants with the various PANI- based 

photocatalysts. 

1.9.2. Photocatalytic hydrogen production: 
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Lee et al. (2019) [16] the synthesized PANI/g-TiO2 composite, which under the irradiation of 

a 300 W Xenon lamp, demonstrated remarkable photocatalytic performance for methanol 

degradation with a conversion rate of 1790 mmol g-1h-1. In this process, methanol acts as a 

sacrificial agent, providing electrons to the PANI/g-TiO2 composite, thereby facilitating the 

generation of reactive species that efficiently degrade the methanol molecules, resulting in the 

high conversion rate observed. 

Ma et al. (2020) [17] the PANI-TiO2/RGO composite, when exposed to the irradiation of a 300 

W Xenon lamp, displayed impressive photocatalytic activity for the degradation of a sacrificial 

agent, triethanolamine, with a high conversion rate of 806 mmol g-1 h-1. In this process, 

triethanolamine serves as a sacrificial agent by providing electrons to the PANI-TiO2/RGO 

composite, enabling the generation of reactive species that effectively degrade the 

triethanolamine molecules, resulting in the observed high conversion rate. The synergistic 

combination of PANI-TiO2 and RGO in the composite enhances the photocatalytic 

performance by promoting electron transfer and increasing the active surface area, leading to 

improved efficiency in the photocatalytic water splitting. 

Wang et al. (2014) [18] fabricated a novel semiconductor-sensitized solar cell using a poly(3-

hexylthiophene) (P3HT)/CdS/ZnO core-shell nanotube array as the photoanode. The 

photoanode was prepared using a facile sequential electrodeposition process. The one-

dimensional three-component core-shell ordered nanoarray structure was formed by 

electrodepositing CdS nanoparticles and a thin P3HT layer onto the walls of ZnO nanotubes. 

This enhanced the optical absorption in the visible region and created an interface between the 

n-type CdS and p-type P3HT to improve the charge separation. The designed nanostructured 

solar cell based on the P3HT/CdS/ZnO nanotube array achieved an energy conversion 

efficiency of up to 1.28%. 

Wirth et al. (2011) [19] studied the adsorption and splitting of water molecules on a rutile 

ruthenium dioxide anode using periodic density functional calculations. The structure of 

adsorbed H2O molecules and radicals involved in the splitting process (O., OH.,.OOH) were 

determined and compared with available experimental results. On the basis of these electronic 

structure calculations, a method was used to calculate the stability of the reaction intermediates  

and conclude on the thermodynamical possibility of the water splitting reaction at the surface. 

Results showed that a moderate overpotential of 0.64V is required for the reaction to take place 

at the RuO2 (110) surface. 
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Ghimpu et al. (2011) [20] investigate suitable materials and the optimization of their energy 

band configurations to cater to specific applications. Additionally, the design and production 

of advanced photocatalytic materials within the realm of nanotechnology were examined. 

Recent progress in photocatalysis has been achieved through the precise manipulation of 

nanomaterial morphology and the utilization of collective properties in nano assembly systems. 

The study also emphasizes the existing theoretical knowledge about photocatalytic materials 

and identifies key issues that need to be tackled in future research endeavors. 

Table 1.2. Hydrogen production rate of different photocatalysts. 

S.no. Photocatalyst Light 

source 

Sacrificial 

agent 

H2 rate 

(µmol.h-1. g-1) 

Reference 

1 PANI/g-TiO2 300 W Xe Methanol 1790 [36] 

2 PANI-

TiO2/RGO 

300 W Xe Triethanolamine 806 [37] 

3 PANI/TiO2 UV-LEDs Methanol 3083 [36] 

4 Ppy/TiO2 UV-LEDs Methanol 2090 [36] 

5 PEDOT/TiO2 UV-LEDs Methanol 1370 [36] 

 

1.10. The rationale of the present study: 

The development of modern textile dyes has led to the creation of dyes that possess strong 

structural integrity and color stability. These dyes are primarily composed of aromatic 

 

  

 

compounds, which contribute to their robustness and durability. Consequently, they have found 

widespread usage in various industries and applications [38]. 
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However, a significant concern arises from the potential unintended release of these dyes into 

the environment, particularly through wastewater. When textile dyes are discharged into water 

bodies without proper treatment, they can pose significant risks to both human health and 

ecological systems [39]. 

The release of toxic textile dyes into the environment can have adverse effects on human health. 

Direct exposure to these dyes can lead to various health issues, whether through contact with 

contaminated water or consumption of affected aquatic organisms. These may include skin 

irritation, respiratory problems, and even more severe conditions such as carcinogenic or 

mutagenic effects [40].  

Furthermore, the ecological impact of textile dye pollution should not be overlooked. When 

these dyes enter water bodies, they can cause extensive damage to aquatic ecosystems. The 

vibrant and persistent colors of the dyes hinder sunlight penetration, disrupting photosynthesis 

and ultimately affecting the balance of the ecosystem. Additionally, the toxic nature of the dyes 

can harm aquatic organisms, leading to a decline in biodiversity and ecological imbalance [41]. 

Given these risks, it becomes crucial to prioritize the effective removal of toxic textile dyes 

from wastewater[42]. Implementing proper treatment methods to eliminate or minimize the 

presence of these dyes is essential to mitigate the potential harm they can cause. Various 

techniques such as advanced oxidation processes, adsorption, and biological treatments can be 

employed to remove or degrade textile dyes effectively [43]. 

By addressing the issue of textile dye pollution and implementing appropriate wastewater 

treatment measures, we can safeguard both human health and the integrity of ecological 

systems[44]. It is essential for industries, regulatory bodies, and society as a whole to recognize 

the importance of responsible dye usage and invest in sustainable practices that minimize the 

environmental impact of textile dyes [45]. 

Due to the increasing levels of greenhouse gas emissions resulting from human energy 

consumption through the combustion of fossil fuels, human-induced climate change has 

become an urgent and critical concern[46]. This has led to various environmental changes, 

including the melting of land ice and rising sea levels caused by ocean thermal expansion,  

  

 

contributing to global warming. As the most significant environmental, social, and economic 

crisis worldwide, numerous statutory and voluntary initiatives have been implemented to 
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reduce greenhouse gas emissions and mitigate the impact of global warming by decreasing the 

use of fossil fuels[47]. 

One potential solution to address these issues is the utilization of a water-splitting process to 

produce hydrogen. Hydrogen is considered a reliable energy source as it significantly reduces 

pollution. However, the water-splitting reaction requires a high potential of about 237 J/mol, 

making it thermodynamically unfavorable. In reality, due to the high stability of water, 

hydrogen evolution cannot occur without a catalyst and an external energy source. The 

electrochemical reduction process, which involves the delivery of electrical energy between 

two electrodes, is a promising method for hydrogen production under moderate conditions. 

However, further development is necessary to make it economically viable on an industrial 

scale, as it currently incurs high operational costs, largely reliant on fossil fuel combustion for 

electricity generation [37]. 

Therefore, solar energy, which is abundant, renewable, and environmentally friendly, is 

recommended as a method for water splitting to generate hydrogen. Sunlight contains a broad 

spectrum of energy, including UV, visible (VIS), and infrared (IR) radiation, which can 

facilitate the splitting of water molecules. Although the current photo-conversion efficiencies 

are generally impractical for large-scale operations, solar irradiation holds great potential. The 

incorporation of catalysts to enhance the reaction rate enables energy-efficient, rapid, and 

highly selective hydrogen generation. However, the efficacy of photocatalysts is limited by 

factors such as high recombination rates, susceptibility to photo corrosion, and insufficient 

charge migration capabilities [48]. 

Studies suggest that the prevention of photo corrosion and recombination can be achieved by 

creating an equal number of electrons and holes in the photocatalyst. One common approach 

is catalyst pairing, which facilitates multiple proton-electron excitation pathways through a 

physical contact cascade or z scheme. Therefore, there is a need to explore highly efficient and 

reusable 2D nanocomposites that respond to sunlight, forming heterojunctions, to overcome 

these limitations in the field of solar-driven water splitting for hydrogen production. 

 

  

1.11. Research gaps: 

i. A lot of research has been reported on the photocatalytic degradation of organic 
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pollutants but most of them are advanced oxidation processes generally involving 

UV/H2O2, UV/O3, and UV/Fenton reagents. Semiconductor photocatalysis is a newly 

developed advanced oxidation process, in semiconductors such as TiO2, MoS2, MoSe2, 

WO3 etc. These semiconductor-type photocatalysts have not been explored in a 

comprehensive manner.  

ii. There has been limited exploration of visible light-responsive polyaniline-based 

binary/ternary photocatalysts for the removal of organic pollutants such as pesticides, 

pharmaceutical pollutants, and dye. 

iii. Use of sunlight to split water molecules using the proposed system has not been 

reported that much. 

1.12. Objectives 

The main objectives of the present study are: 

1. Preparation of polyaniline (PANI)-based binary/ternary nanocomposites with GO, 

BiOCl, MoO3, MoS2, and LDH for enhanced physiochemical properties. 

2. Study the photocatalytic activity of these as-prepared nanocomposites towards 

application in pollutants degradation and hydrogen production through water splitting 

under light irradiation. 
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Chapter 2 

    Solar-Powered Pollutant Degradation and H2 Production via PANI/BiOCl/GO 

 

 

 

 

 

 

Highlights 

 

 

➢ Fabrication of different mole ratios of Polyaniline/BiOCl/GO Ternary nanocomposite. 

➢ Photocatalysts efficacy tested by degradation of Rhb and H2 production from water 

splitting. 

➢ Photocatalytic elimination of Rhb (96 %, rate constant~ 0.015 min−1) was observed 

under sunlight. 

➢ The nanocomposite produced 1000 ppm of hydrogen gas with AQE of 17.97%. 
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2.1. Introduction: 

 

Water pollution caused by the release of dye sewage from various industrial sources such as 

paper, leather, and nylon have a significant impact on aquatic life [1][2]. Therefore, eliminating 

dyes from water is crucial. Chemical and physical elimination methods are two types of 

processes used for this purpose[3][4]. Chemical elimination methods include oxidation, 

electrochemical disintegration, Fenton reaction, ozonolysis, and photocatalytic degradation, 

while physical elimination methods include adsorption, agglomeration-precipitation, ion 

exchange, membrane separation, and reverse osmosis [5][6]. Solar-powered hydrogen 

evolution from water is a promising solution to environmental issues and the worldwide energy 

crisis caused by fuel production[7]. Hydrogen gas is an efficient energy carrier with a high 

energy capacity and does not release harmful pollutants [8][9]. As a result, there is an urgent 

need for an effective and fast photocatalytic method for hydrogen production. Three primary 

methods of hydrogen evolution powered by solar energy exist heterogeneous photocatalysis, 

photovoltaic-driven electrolysis, and photoelectrochemical cells [10]. Among these, 

heterogeneous photocatalysis is expected to be more cost-effective than the other two [9]. 

However, the efficiency of solar-assisted hydrogen evolution using heterogeneous 

photocatalysis is currently low. Several approaches, such as architectural and flaw engineering, 

plasmon-mediated effects, and elemental impregnation, have been deliberated to enhance the 

photonic absorption and light-induced electron transfer and transport of photocatalysts, yet 

there is still room for improvement [11][8]. 

In the recent past, the development of efficient photocatalytic materials has gained substantial 

focus owing to their prospective applications in various fields, including energy and the 

environment. One such promising material is polyaniline-based nanocomposites, which 

possess unique properties such as high stability, excellent conductivity, and tuneable optical 

and electronic properties. Polyaniline (PANI) is a conducting polymer that has attracted 

considerable attention in wide array of applications, comprising electronic apparatus, sensors, 

and energy warehousing systems, owing to its excellent physicochemical properties [12]. The 

incorporation of PANI into nanocomposites has led to the development of new materials with 

enhanced properties, such as increased surface area, improved catalytic activity, and enhanced 

light absorption [13]. 
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Different metal oxides such as ZnO, NiO, TiO2, BiOCl, etc. have been widely used to 

investigate their photocatalytic activity but there has a major drawback is a wide band gap 

[14][15]. To reduce the band gap of metal oxides, various methods, such as doping with metal 

or non-metal ions, making composites with carbon nanotubes, activated carbon, graphene, or 

coupling with conducting polymers, have been used [16]. Graphene oxide (GO) is a useful co-

catalyst that reduces the recombination rate of bismuth oxychloride and shows good 

performance in photocatalytic degradation [17]. BiOCl is a conspicuous photocatalyst for many 

researchers because of its layered crystal-type structure in a tetragonal shape, where the 

bismuth atom is coordinated with four chlorine atoms, generating an intramural electric field 

that separates photogenerated electron(e-) and hole(h+) [18]. Noble metals, such as Pt, Rh, and 

Ru, can also be used as co-catalysts to increase the photocatalytic activity of BiOCl. However, 

they are expensive and only introduce active sites for the smooth segregation of charges [19]. 

Taking all these factors into consideration, graphene oxide (GO) can be used due to its sp2 

hybridized layered structure, which provides a high surface area of nearly 2630 m2g-1 and 

demonstrates tremendous electronic mobility of nearly 200000 cm2 V-1s-1 for a p-conjugated 

structure [20]. Additionally, oxygenated functional groups such examples as epoxy, alcohol, 

and acid treatment on the surface of GO attract dye molecules for degradation. All of these 

characteristics make GO a useful co-catalyst in reducing the recombination rate of bismuth 

oxychloride and promoting good performance in photocatalytic degradation [9]. Overall, the 

synergistic effect of the ternary composite can increase the photocatalytic activity of the 

nanocomposite and make them a prominent one as a photocatalyst. 

Wang et al. prepared a composite of 7 W% of PANI/BiOCl, which degraded only 67% of MO 

dye in 210 min [21]. Zhang et al. synthesized a composite of poly (3,4-ethylene 

dioxythiophene) with MnO2 and graphene, it degrades methylene blue (MB) dye in 7 hours 

[22]. Kumar et al. developed PANI/TiO2/GN photocatalyst which degrades MB in 180 min 

[23]. Pendiselvi et al. prepared a ternary nanocomposite of gold doped in graphene/TiO2 and 

degraded MB in 250 min [24]. El-Bery and colleagues conducted a synthesis of a PANI-TiO2 

composite for the degradation of organic pollutants. However, the composite exhibited a 

degradation efficiency of 89.7% over a duration of 120 minutes, indicating relatively low 

effectiveness [25]. In a similar vein, Ma et al. developed a PANI/TiO2/Cotton photocatalyst, 

achieving a degradation rate of 87.7% for Rhb within a three-hours period, which is also  
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considered to be of limited efficiency [26]. Likewise, Li et al. designed a PANI/TiO2/SiO2 

catalyst, demonstrating the degradation of an organic dye by 87% within two hours [27]. 

However, this level of catalytic activity is not notably efficient. In a different approach, Kroger 

et al. fabricated a PANI/Fe-TiO2 photocatalyst, yet the degradation achieved was merely 28% 

in 2.5 hours, signifying a significantly poor photocatalytic performance [28]. In all the 

conducted studies, the prepared catalysts exhibited relatively low degradation percentages of 

organic dyes, requiring prolonged periods of light irradiation.   

In this study, we have synthesized a ternary composite of PANI/BiOCl/GO to investigate its 

effectiveness in the photocatalytic mineralization of Rhb dye exposed to solar irradiation. The 

synthesized ternary composites were thoroughly characterized (XRD, XPS, FTIR, FESEM, 

TEM, UV-DRS, etc.), and various photocatalytic properties (catalyst dose, effective 

illumination area, solution pH, scavenger studies, etc.) were studied. The degraded final 

products and intermediates are identified by LC/MS.  Additionally, we examined the possible 

mechanisms of photocatalytic degradation to gain a deeper understanding of the process. The 

photocatalyst also exemplifies the ability to produce green hydrogen gas by water splitting 

photo catalytically. Hydrogen evolution reactions were studied with a sacrificial agent, acidic 

condition, and basic condition. The apparent quantum yield (AQE%) of water photochemical 

splitting was calculated in these three conditions. This process involves the absorption of 

photons by the target material, leading to chemical reactions that ultimately result in the 

degradation of organic pollutant into smaller, less harmful components and promote reactions 

that split water molecules into hydrogen and oxygen. The generated hydrogen gas may be used 

as a clean and sustainable energy source.   

2.2.  Materials and reagents: 

2.2.1.  Materials: 

The following chemicals were used for the synthesis of the materials: graphite fine powder 

(98%, LOBA CHEMIE), aniline (99%, LOBA CHEMIE), hydrochloric acid (36%, LOBA 

CHEMIE), ammonium persulfate (98%, SDFCL), potassium chloride (99.5%-100%, LOBA 

CHEMIE), bismuth nitrate pentahydrate (98%, LOBA CHEMIE), potassium permanganate 

(99%, LOBA CHEMIE), sodium nitrite (97%, LOBA CHEMIE), and hydrogen peroxide (30% 

solution, RANKEM). Rhodamine b was purchased from CDH Chemical. 

19

53

61

127

147

174

181

Page 40 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615

Page 40 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615



Polyaniline/BiOCl/GO Ternary Nanocomposites                                           Chapter 2 

 

2.2.2.  Synthesis of polyaniline (PANI): 

 In a 70mL solution of 2M HCl, approximately 4.5 mL of aniline (with a density of 1.020-1.025 

g/mL) was added and subjected to sonication for half an hour. After 30 minutes, approximately 

11.5 g of ammonium persulfate ((NH4)2S2O8) was added in a dropwise manner with continuous 

swirling. The polymerization reaction was left to continue for 4 hours ambient temperature. 

Subsequently, the reaction mixture was centrifuged at 5000 rpm for 10 minutes and purified 

thrice with 2 M HCl and distilled water. Finally, it was dried for 24 hours at 60°C in a hot air 

chamber, resulting in the collection of green-colored powder as the final product [29]. 

2.2.3.  Synthesis of BiOCl and graphene oxide: 

 A total of 485 mg of bismuth nitrate pentahydrate (Bi (NO3)3.5H2O) was mixed in to 200 mL 

of water, and then 2 mL nitric acid (HNO3) was mixed in to dissolve the bismuth nitrate. The 

mixture was ultrasonicated for 30 minutes, and then 74 mg of potassium chloride (KCl) was 

mixed in. The solution was continuously swirled for 4 hours. The final solution was 

centrifuged, followed by washing with distilled water and ethanol three times. The procured 

white powder was dried at 60°C for 24 hours [30]. Graphene oxide (GO) was synthesized using 

a modified Hummer method [31]. 

2.2.4. Synthesis of ternary composite:  

To begin, a 1:1 GO/BiOCl composite was prepared using the precursor of BiOCl through an 

in-situ process. Next, different weight percentages of the 1:1 GO/BiOCl composite were used 

to prepare a ternary composite via the oxidative polymerization method. Initially, 1:1 

GO/BiOCl and aniline were added to a 2M HCl solution and stirred for one hour before being 

sonicated for an additional hour. Then, ammonium persulfate (APS) was added dropwise and 

stirred overnight for polymerization. Afterward, the resultant solution was washed repeatedly 

with 2M HCl and water before being dried at 60°C for 24 hours. In this way, the different 

weight ratio (1, 0.5, 2.5) of PANI/BiOCl/GO composite was prepared and given named 1PBG, 

0.5 PBG, and 2.5 PBG respectively. 
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Scheme 2.1: Schematic diagram for the preparation of ternary nanocomposite. 

2.3. Results and discussion: 

2.3.1. Characterization of the synthesized photocatalyst:  

The as-prepared nanocomposites were characterized by various characterization techniques. 

The ultraviolet-visible absorption spectra of the synthesized materials were measured utilizing 

a UV-vis spectrophotometer instrument (Shimadzu UV 2600). Photoluminescence spectra were 

recorded utilizing a spectrofluorometer instrument (Shimadzu RF-6000). The shape and 

dimensions of the prepared composite were analysed using transmission electron microscopy 

(TEM, FEI Tecnai G2 F20) and field emission scanning electron microscopy (FESEM, JEOL). 

The functional groups present in the materials were identified using Fourier transform infrared 

(FTIR) spectroscopy (Shimadzu IRTracer-100). The X-ray Photoelectron Microscopy (XPS) 

analysis was performed using a monochromatic aluminium source, specifically Al ka radiation, 

on an Omicron ESCA instrument with an energy of 1486.7 eV. Brunauere-Emmette-Teller 

(BET) method and Barrette-Joynere-Halenda (BJH) method were done by autosorb, 

Quantachrome instrument. The degraded products and possible Intermediate by products of the 

degradation product were analysed by Liquid Chromatography Mass Spectrometry (LCMS, 

Alliance 2795, Q-TOF Micromass Mass Spectrometer). The amount of CO2 released after 

photocatalytic degradation and the amount of hydrogen produced by photocatalytic water 

splitting was measured using GC-TCD (Centurion Scientific). 

2.3.1.1. Morphological characterization:  
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FESEM analysis anticipates for the understanding of the structural belongings of the prepared 

composite. FESEM images of synthesized BiOCl, PANI, GO, and 1PBG composite are 

illustrated in Fig 2.1(a-d).  From the FESEM image of BiOCl, it can be shown that it forms a 

rectangular platelet and the width of the platelet is within the span of 30-60 nm whereas, 

FESEM image of PANI also confirms the formation of fibrous morphology with porous nature.  

Well-agglomerated and exfoliated layers of GO were seen in Fig 2.1a. Exfoliation of GO 

occurred because of the existence of oxygenated functional groups atop the surface of the 

layers. Finally, in the nanocomposite, GO is agglomerated with the PANI due to the fibrous 

nature of the polymer. The nanoplates of BiOCl are clearly seen in in the composite (Fig 2.1d). 

The FESEM image of the nanocomposite confirms occurrence of polyaniline, GO and BiOCl 

which further approve the successful formation of heterojunction structures. The stoichiometric 

constitution of the synthesized nanocomposites was evaluated by energy dispersive 

spectroscopy (EDS) (Fig 2.2). From EDS analysis, it was confirmed that C, N, Bi, O, and Cl 

are simultaneously present in the synthesized nanocomposite. Moreover, the elemental color 

mapping of the nanocomposite confirms the homogeneous distribution of all the elements 

which affect the enhanced photocatalytic property. 

Fig 2.1(e-f) illustrates the TEM image of the synthesized nanocomposite, where we can see 

agglomerated particles in the nanocomposite. The TEM image (Fig 2.1f) distinguishes three 

different types of lattice fringes corresponding to the (102), (100), and (003) planes, having d-

spacing of 0.266, 0.213, and 0.350 nm for BiOCl (2Ө = 33.611°), GO (2Ө = 42.364°), and 

PANI (2Ө = 25.39°), respectively. 
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Fig 2.1: FESEM image of (a) PANI, (b) GO, (c) BiOCl, (d) 1PBG and (e, f) HRTEM image 

of 1PBG at different magnification. 

Fig 2.2: (a) FESEM image of 1PBG, (c) EDS spectrum of 1PBG and (b, d-e) is the elemental 

mapping of its constituents. 

2.3.1.2. Surface properties: 

BET analysis was performed to measure the total surface area, average pore size, and total pore 

volume of both the bare materials and the composites as shown in Fig 2.3 and Fig 2.4 and in 

Table 2.1. The type IV isotherm was observed for both bulk materials and composites, 

indicating the formation of multimolecular adsorbed layers of the molecules and the 

condensation of some of the molecules within the narrow capillary pores of the adsorbent. The 

BJH plot shows that all materials are mesoporous, with a pore size of less than 5nm. The total 

pore volume of all composites was higher than that of the bulk materials. PANI and BiOCl had 

very low surface areas compared to the composites and GO, indicating that GO played a 

dominant role in enhancing the surface area in the composites, which is favourable for efficient 

adsorption. 
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Table 2.1: BET surface area, average pore size, and total pore volume. 

Photocatalyst Surface Area 

(m2/g) 

Average pore size 

(nm) 

Total pore Volume 

(cc/g) 

PANI 1.56 3.19 2.49 ×10-2 

GO 30.36 2.76 2.099×10-2 

BiOCl 1.11 3.69 1.02×10-3 

0.5 PBG 37.87 3.88 3.68×10-2 

1PBG 32.63 4.37 3.56×10-2 

2.5 PBG 37.87 4 3.57×10-2 

Fig 2.3: (a), (c), and (e) are adsorption-desorption curves of PANI, GO, and BiOCl 

respectively, whereas (b), (d), and (f) are BJH plots of PANI, GO, and BiOCl respectively. 

 

 

 

 

48

115

Page 45 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615

Page 45 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615



Polyaniline/BiOCl/GO Ternary Nanocomposites                                           Chapter 2 

 

Fig 2.4: (a), (c), and (e) are adsorption-desorption curves 1PBG, 2.5 PBG, and 0.5 PBG 

Respectively, whereas (b), (d), and (f) are BJH plots of 1PBG, 2.5 PBG, and 0.5 PBG 

respectively. 

2.3.1.3. Spectral characterisation: 

The X-ray diffraction (XRD) pattern of the bare photocatalysts and nanocomposites is shown 

in Fig 2.5a. The peaks at 2Ɵ= 11.99°, 24.1195°, 25.866°, 32.54°, 33.46°, 36.52°, 40.90°, 

46.67°, 49.71°, 55.06°, 58.63° correspond to d(001), d(002), d(101), d(110), d(102), d(003), 

d(112), d(200), d(201), d(004), d(104), d(212) and confirm the formation of BiOCl nanoplates 

with tetragonal unit cell (JCPDS NO.: 06-0249) [32]. The peaks at 2Ɵ= 14.84° (121), 20.63° 

(310), and 25.26° (003) confirm the formation of polyaniline (PANI) and it is amorphous in 

nature, while the peak at 25.26° (003) indicates the polymeric nature of PANI [33]. The peak 

at 11.16° (002) and 42.15° (100) indicates the formation of graphitic graphene oxide, which is 

amorphous in nature [34]. The peaks of BiOCl, g-GO, and PANI in the nanocomposites 

0.5PBG, 1PBG, and 2.5PBG confirm the potential of the catalysts. The average crystallite sizes 

of BiOCl, PANI, g-GO, and 1PBG were calculated using the Scherrer equation, which is  

                                                              D = 
𝒌𝝀

𝜷𝑪𝒐𝒔𝜷Ө
                                                                    (2.1) 
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where D is the crystallite size (nm), K is the Scherrer constant, λ is 0.15406 nm (dependent on 

x-ray sources), β is the full-width half-maxima (FWHM) (in radians), and Ө is the peak position 

(in radians). The calculated average crystallite sizes of BiOCl, PANI, g-GO, and 1PBG are 

76.006 nm, 135.465 nm, 109.97 nm, and 60.797 nm, respectively. 

Fig 2.5: (a) XRD (b) Tauc’c plot (c) UV-Vis DRS spectra (d) PL spectra of BiOCl, PANI, 

GO, 1PBG, 2.5 PBG, 5 PBG. 

XPS was undertaken to investigate the atomic valence state of the elements present in the 

synthesized ternary composite (1PBG). The XPS survey spectrum (Fig 2.6a) of the ternary 

composite confirmed existence of Bi, C, N, O, and Cl elements. The elemental spectra of Bi  
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4f, C 1s, N 1s, O 1s, and Cl 2p were deconvoluted by Gaussian fitting of the spectra. The 

photoemission peaks for Bi 4f were observed at 158.73 eV, 164 eV, and 167.67 eV (Fig 2.6 

b). Specifically, the peak at 158.73 eV corresponded to Bi 4f5/2, the binding energy of 164 eV 

corresponded to Bi 4f7/2 of Bi2O3, and the binding energy of 167.67 eV corresponded to Bi 4f7/2 

of BiOCl [35],[36]. In Fig 2.6c, three different binding energies of the C1s spectrum were 

observed for three different types of carbon bonding: the peak at 283.75 eV for non-oxygenated 

carbon (C-H/C=C/C-C), 288.32 eV for oxygenated carbon (O-C=O/C-O/C=O), and 285.13 eV 

for nitrogenous carbon (C=N, C-N) [37], [38]. The N 1s spectrum (Fig 2.6d) showed three 

different peaks for three different types of nitrogen environments: the peaks at 398.59 eV, 

398.95 eV, and 400.58 eV occurred due to the quinoid amine, benzenoid amine, and nitrogen 

cationic radical (N+.), respectively [39]. In Fig 2.6e, the peak at 530.90 eV and 532.92 eV for 

the O1s spectrum was attributed to the Bi-O bonds in the (BiO)2
2+ layered structure in BiOCl 

and the surface hydroxyl group on the composite[40]. The peaks at 196.66 eV and 198.94 eV 

indicated Cl 2p3/2 and Cl 2p1/2, respectively, for the Cl- ion in the composite (Fig 2.6f)[41].  

Fig 2.6: XPS spectrum of 1PBG (a) survey spectrum (b) Bi 4f core level spectrum (c) C 1s 

core level spectrum (d) Cl 2p core level spectrum (e) O 1s core level spectrum (f) N 1s core 

level spectrum. 
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The FTIR spectrum of PBG composites in Fig 2.7. confirms existence of several functional 

groups present on the surface of the nanocomposite. The sharp absorption peak at 502.34 cm-1 

confirms the formation of the Bi-O bond in the metal oxide [43]. The peak at 1537 cm-1 

corresponds to the C=C stretching vibration mode of the benzenoid ring, while the peak at 1396 

cm-1 corresponds to the C-N stretching frequency of the benzenoid ring. The peak at 1230 cm-

1 corresponds to the protonated C-N group. The absorption peak at 783 cm-1 indicates electron 

delocalization in the conducting polymer [44],[45]. The peak at 3503 cm-1 corresponds to the 

O-H stretching vibration of GO, while the peak at 1718 cm-1 corresponds to the C=O stretching 

of carboxylic groups. The peak at 1617 cm-1 corresponds to the O-H bending and aromatic 

C=C stretching frequency, while the peak at 1389 cm-1 corresponds to the tertiary C-OH bond. 

The absorption peak at 1227 cm-1 corresponds to the epoxy C-O groups [46],[47],[48],[49]. The 

absorption peaks of various functional groups of the nanocomposite are observed with some 

shifting in the wavenumber, confirming the successful synthesis of the nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.7: FTIR spectra of PANI, GO, BiOCl, 1PBG, 2.5 PBG, and 0.5 PBG. 
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The UV-DRS of BiOCl, GO, PANI, 1PBG, 0.5PBG, and 2.5PBG photocatalysts are shown 

in Fig 2.5c. BiOCl absorbs in the ultraviolet region, but after the preparation of a composite 

with GO and PANI, its absorption range shifted to the visible region. The band edge energies 

of all the materials were calculated using Tauc’s equation: 

 (αhν)1/2= hν - Eg                                                                                                                            (2.2) 

Here α, h, ν, and Eg represent the absorption coefficient, Planck’s constant, frequency of light, 

and band edge energy respectively. The linear approximation line meeting the x-axis of Tauc’s 

plot indicates the band gap of the respective materials. The band edges of BiOCl, GO, PANI, 

1PBG, 0.5PBG, and 2.5PBG photocatalysts were found to be 3.43, 1.77, 1.75, 1.70, 1.72, and 

1.74 eV respectively (Fig 2.5b).  

The values of the valence band (VB) and conduction band (CB) of BiOCl were calculated using 

the following equations: 

 EVB = X- Ee + 0.5 Eg                                                                                                                (2.3) 

 ECB = EVB - Eg                                                                                                                          (2.4)    

Here, ECB and EVB represent the energy of the conduction band (CB) and valence band (VB) 

respectively, X is the total electronegativity of the compound, and Ee is the electron energy in 

reference to hydrogen which has a fixed value of 4.5 eV [50]. By putting all the values assigned 

to the equations above, the value of the VB and CB of BiOCl was recognized as 2.47 eV and -

0.96 eV respectively. Due to the decreasing band gap of the ternary nanocomposite, it is 

effective for sunlight utilization. Mitra et al. have made similar observations, incorporating 

reduced graphene oxide into polyaniline [51]. The resulting photocatalyst composite 

demonstrates light absorption within the visible spectrum. Similarly, Ahuja et al. successfully 

synthesized a PANI/rGO/NiO composite, which also exhibits activity under visible light [33]. 

The catalytic efficiency of a photocatalyst strongly depends on the rate of recombination of 

charges. The low PL spectral intensity of the photocatalytic materials is attributed to the high 

separation of photogenerated electron-hole pairs. The light emission spectra of the synthesized 

materials were studied with the incident wavelength of 350 nm. The PL intensity of the  
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prepared nanocomposites were found to be inferior to that of the bulk BiOCl, PANI, and GO, 

indicating higher efficiency of the nanocomposites over the bulk materials (Fig 2.5d). The 

formation of heterojunctions between PANI, BiOCl, and GO facilitates electron transfer, 

improving charge separation. This brings about a decrease in the PL intenseness of the 

nanocomposites. Additionally, 1PBG exhibits the lowest PL intensity, resulting in the highest 

photocatalytic efficacy. 

2.3.2.  Photocatalytic activity:  

The photoactivity of 1PBG was evaluated by investigating its ability to catalytically degrade 

the organic dye (Rhb). The reactions were conducted using a 20 mL solution containing 

contaminants, with a catalyst concentration of 0.6 g/L for 5 ppm Rhb. Initially, a dark 

adsorption process was carried out for 120 minutes to achieve adsorption-desorption 

equilibrium. Subsequently, a solar light reaction was conducted for a total duration of two hours 

in the month of August 2022, and the effect of illumination area experiment was conducted 

using a 45 W Philips lamp with a radiant flux of 100 W/m2. A gap of approximately 10 cm was 

upheld between the light bulb and the surface layer of the solution. Additionally, the reaction 

performed without light (lamp OFF) for 120 minutes using the same catalyst concentration. 

Every investigation was repeated three times, and error indicators representing approximately 

5% of the data were included in each plot. Using a UV-visible spectrophotometer, the 

photodegradation of Rhb was observed at its respective maximum absorption wavelengths 555 

nm, and the percentage degradation (%D) was determined using Equation (6). The optimum 

concentration of the catalyst was determined by varying its catalyst dosage from 0.1g/L to 

0.7g/L under sunlight. The mineralization efficacy gradually increased from 0.1 to 0.6g/L and 

remained almost constant for 0.7g/L. This saturation was caused by a decrease in dye solution 

transparency that blocked the active sites of the photocatalyst. 

Degradation efficiency (%D) = 
𝐂𝟎−𝐂𝐟

𝐂𝟎
 * 100                                                                               (2.5) 

Where C0 and Cf are the primary concentration, and concentration after the degradation 

respectively.  

 

7

7

39

39

89

193

Page 51 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615

Page 51 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615



Polyaniline/BiOCl/GO Ternary Nanocomposites                                           Chapter 2 

To determine the kinetics of the reaction, the experiment was carried out using a 0.6g/L catalyst 

concentration. Initially, the solution was allowed to agitate in the dark for 120 min to absorb 

the maximum amount of dye, after which it was irradiated in sunlight for 120 min for 

photodegradation. To compare the efficiency of the ternary composite, the same experiment 

was performed with PANI, GO, BiOCl, PB, GB, TiO2 P25 (commercial photocatalyst), 1PBG, 

0.5PBG, and 2.5PBG. The experimental results showed that the ternary composites exhibited 

better efficiency with an elevated rate constant (1PBG = 0.015 min-1, 0.5 PBG = 0.008 min-1, 

2.5 PBG = 0.009 min-1) than the bare PANI (0.002 min-1), GO(0.003 min-1), BiOCl(0.004 min-

1), TiO2-P25(0.003 min-1), and binary composites (1PB = 0.007 min-1, 11GB = 0.007 min-1 

where, 1PB is 1 weight percent of BiOCl in PANI/BiOCl, and 11GB = 1:1 GO/BiOCl 

composite) (Fig 2.8c). The synergy obtained by the combination of PANI, GO, and BiOCl was 

calculated using the synergy factor (R), which was determined by the following equation: 

  R=  
𝑲𝑷𝑨𝑵𝑰+𝑮𝑶+𝑩𝒊𝑶𝑪𝒍

𝑲𝑷𝑨𝑵𝑰+ 𝑲𝑮𝑶+𝑲𝑩𝒊𝑶𝑪𝒍
                                                                                                             (2.6)                                    

Here, 𝐾𝑃𝐴𝑁𝐼+𝐺𝑂+𝐵𝑖𝑂𝐶𝑙, 𝐾𝑃𝐴𝑁𝐼, 𝐾𝐺𝑂 , 𝑎𝑛𝑑 𝐾𝐵𝑖𝑂𝐶𝑙 are the photodegradation rate constants of the 

PANI/GO/BiOCl ternary composite, pure PANI, pure GO, and pure BiOCl, respectively. The 

synergy factor of 1PBG, 0.5PBG, 2.5PBG, 1PB, and 11GB was found to be 1.52, 0.82, 0.98, 

1.16, and 1, respectively. So, among all the nanocomposites, 1PBG has the highest synergy 

factor which is responsible for the highest photocatalytic degradation efficiency and the highest 

rate constant of 0.015 min-1.  

2.3.2.1. Impact of solution pH: 

 The photocatalyst's ability to absorb pollutants on the composite surface is highly dependent 

on the pH level of dye solution, that impacts the degradation efficiency [29]. To analyze the 

impact of solution pH on the Rhb dye removal process, solutions of varying pH were prepared 

using 0.1 N HCl and 0.1 N NaOH solutions. A concentration of 0.6 g/L catalyst to dye solutions 

of different pH was prepared, and the pH value before and after degradation was measured. Fig 

2.8b shows that 1PBG has a point of zero charge (pzc) around pH 5.8. Since Rhb is an acidic 

dye, it shows higher degradation efficiency above the pzc value. From pH 1 to 5, the 

degradation effectiveness gradually decreases up to the pzc. In basic solutions, the degradation 

effectiveness gradually increases, and the highest degradation effectiveness is achieved at pH  
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8 (Fig 2.8d). At extremely basic solutions, the degradation efficiency gradually decreases due 

to the formation of metal hydroxide precipitation on the catalyst's interface. 

2.3.2.2. Impact of illumination area:  

The study successfully investigated the role of the effective illumination area using 1PBG 

composite as a photocatalyst under visible light [52]. A photocatalyst with a catalyst dosage of 

0.6 g/L was stirred with a 5 ppm Rhb dye solution under visible light for 120 minutes. The 

surface area of the reaction was varied by using vessels with different diameters while 

maintaining a constant distance of 8 cm from the visible lamp. The results showed that there 

was an enhancement in degradation efficiency with an enhancement in the exposed surface of 

the reaction mixture. The higher the open area of the reaction mixture, the greater the irradiation 

of light, which increased the photocatalytic degradation of the pollutants and resulted in the 

highest degradation efficiency (Fig 2.8e). 

Fig 2.8: (a) effect of catalyst concentration (b) pzc studies (c) kinetic studies (d) effect of pH 

on Rhb solution (e) effect of illumination area (f) scavenger studies. 

2.3.2.3. CO2 generation study:  

The photo-mineralization study was conducted by analyzing the GC-TCD data. A solution 

containing 5 ppm of dye in 20 mL of solvent was exposed to sunlight for 120 minutes. After 

mineralization, the evolved CO2 was quantified. The mineralization process resulted in the  
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formation of some low molecular weight organic compounds, which were identified by LC-

MS analysis. It is well reported that from one molecule of Rhb dye, twenty-seven molecules of 

CO2 were formed[53]. In our study, 3.422*10^20 molecules of CO2 were formed from 

1.25*10^20 molecules of RhB. This suggests, 90% detoxification of Rhb by 1PBG under 

sunlight irradiation.  

2.3.2.4. Probable photocatalytic reaction pathway of Rhb under sunlight: 

To identify the intermediates produced during the photodegradation of organic dyes, it is 

important to measure the total organic carbon (TOC) and chemical oxygen demand (COD) in 

the solution during irradiation [54]. After 120 minutes of sunlight irradiation, the reduction 

efficiencies of TOC and COD for Rhb is 95% and 78%, respectively. From Fig. 2.12d it can 

be suggested that the solutions almost completely mineralized and contained intermediates with 

low mineralization potential.  

The possible photocatalytic reaction pathway of Rhb under sunlight was determined using LC-

MS. Previous research by Li et al. (2007) showed that Rhb degradation occurs mainly via two 

pathways: N-de-ethylation and destructed structure [55]. In Fig 2.10 four main steps were 

identified for the complete degradation of Rhb: N-de-ethylation, chromophore cleavage, ring 

opening, and mineralization. In the first step, N, N-diethyl-N’-ethyl-rhodamine was observed 

at a retention time of 5.435 min and (E)-N-(9-(2-carboxyphenyl)-6-(ethylamino)-3H-xanthen-

3-ylidene) ethanaminium [m/z = 387.17] was observed at a retention time of 4.959 min due to 

N-de-ethylation of Rhb. For chromophore cleavage of the products formed in the N-de LC/MS 

spectrum mainly showed 3- hydroxybenzoic acid (m/z = 138), Phthalic anhydride (m/z = 148), 

benzoic acid (m/z = 122), etc. After N-de-ethylation and chromophore cleavage, xanthene ring 

opening occurred and LC/MS showed the presence of oxalic acid (m/z= 90), malonic acid (m/z 

= 104), succinic acid (m/z = 118), etc [56]. GC-TCD confirmed that about 90% of 

mineralization had occurred. 
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Fig 2.9: LC-MS data after degradation of Rhb. 

Fig 2.10: Possible photocatalytic reaction pathway of Rhb by 1PBG photocatalyst. 

2.3.2.5. Effect of scavenger and possible charge transfer mechanism: 

The degradation process involves mainly electrons in the CB, holes in the VB, superoxide 

radicals, and hydroxyl radicals, which play a major role [30]. To determine which species plays 

a major role in the degradation process, a scavenger study was conducted. Various scavengers, 

such as isopropyl alcohol (IPA), Dimethyl sulfoxide (DMSO), benzoquinone (BQ), and 

methanol, were used to trap hydroxyl radicals (OH.), electrons (e-), superoxide radicals (O2
.),  
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and holes (h+), respectively [57]. The O2•− radical serves as a reductive agent and engages with 

BQ to produce hydroquinone. The involvement of DMSO also yields a significant impact, 

indicating that •OH radicals also possess a pivotal function [58]. The unbound electron pairs 

located on the oxygen atoms within DMSO molecules facilitate electron transfer and establish 

hydrogen bonding with the hydrogen from •OH radicals [54]. From Fig 2.8f, it can be observed 

that the degradation reaction is highly affected by methanol, IPA, and DMSO. This indicates 

that holes, hydroxyl radicals, and electrons are the superior species in the degradation 

mechanism. The supercilious activity of the PBG composite is delineated by enhancing the 

charge separation due to the addition of GO and BiOCl in the polyaniline matrix. To explain 

the mechanism of the intensified photocatalyst PBG, the relative band positions of PANI, GO, 

and BiOCl were studied [59], [60]. As mentioned in the Fig 2.11, when the PBG composite is 

irradiated in sunlight, PANI gets excited and light-induced electrons (e-) and holes (h+) are 

generated. Electrons in the CB of PANI move to the valence band of GO and BiOCl, which 

influences the decrease of the electron-hole recombination rate. Both GO and BiOCl have 

enhanced reduction potential than O2/.O2- (+ 0.07 eV) [61]. Electrons residing on the surface of 

GO and BiOCl can certainly form a reaction with the solubilized oxygen molecule to generate 

superoxide radical anion (.O2-). As the valence band of PANI is situated at a lower elevation 

than oxidation potential of H2O/OH. (+ 2.32 eV) [61], holes present in the VB of PANI can 

positively react with the water molecule to produce hydroxide radicals (OH.). Based on the 

above discussion, the proposed mechanism of Rhb degradation is mentioned in Fig 2.11 and 

the following equations (2.7-2.14) [51]: 

PANI  h+(VB) + e-(CB)                                                                                            (2.7) 

(e-CB) PANI     GO(CB)(e-) + BiOCl(CB)(e-)                                                             (2.8) 

GO(CB)(e-) + BiOCl(CB)(e-) + O2                        .O2
-                                                               (2.9) 

H2O +  .O2
-                             . OOH + OH -                                                                                 (2.10) 

 . OOH + H2O           . OH + H2O2                                                                               (2.11) 

  H2O2   + (h+
VB) PANI              .OOH + H+                                                                      (2.12) 

  H2O2   +   . OOH                 . OH  +  H2O  +   O2                                                                    (2.13) 

. OH  + .O2
- + dye     CO2 + H2O                                                                     (2.14) 
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Fig 2.11: Possible Charge Transfer Mechanism of photocatalytic degradation and hydrogen 

generation. 

2.3.2.6. Reusability studies: 

 Photocatalyst permanence is a crucial parameter for the continued use of the composite in 

environmental remediation. Therefore, it is indispensable to study the robustness of 

photocatalysis composite after multiple cycles of photodegradation. To investigate this, the 

degradation of Rhb was carried out using the same catalyst for six cycles. The results showed 

that the 1PBG composite exhibited high photostability even after six cycles, with a degradation 

efficiency of 86-96% for Rhb, as illustrated in the photodegradation plots in Fig 2.12a. After 

six cycles nanocomposite was characterized by XRD analysis, where it was seen that there is 

a slide decrease in the intensity of the peek due to the absorption of the dye molecule on the 

catalyst surface but there is no change in the XRD pattern of the catalyst (Fig 2.12b). This 

implies the durable stability and intactness of the photocatalyst. 

The 1PBG photocatalyst underwent a comparison with other materials that have been 

documented in the literature for the purpose of photocatalytic detoxification of Rhb. The results 

were organized in Table 2.2. From the analysis, it is apparent that a reduced concentration of 

catalyst is a successful approach in treating persistent organic pollutants. 
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Table 2.2: Comparison of different photocatalyst materials for the degradation of Rhb. 

Photocatalyst Catalyst amount 

(mg) 

% degradation Time 

(min) 

References 

PANI-TiO2 10 89.7 120 [25] 

PANI/TiO2/Cotton - 87.7 180 [26] 

PANI/TiO2/SiO2 - 87 120 [27] 

PANI/Fe-TiO2 - 28 150 [28] 

Ag-Ag2O/TiO2@PPY 100 100 175 [23] 

PEDOT/GO/MnO2 20 92.7 420 [62] 

RGO/mesoTiO2/AuNP 10 - 240 [63] 

PANI@GN/TiO2 50 87 180 [64] 

Ag2O/TiO2@PPY 50 100 240 [65] 

PANI/BiOCl/GO (1%) 6 96 120 Present 

work 

 

2.3.2.7. Photocatalytic H2 generation study: 

 Photocatalytic hydrogen generation from water splitting was performed using three different 

water solutions under sunlight for 48 hours. In the first solution, 1 ml of methanol (sacrificial 

agent) was diluted with 19 ml of water. In the second solution, 1 ml of HCl was diluted with 

19 ml of water to make an acidic solution, while in the third solution, 1 ml of NaOH was diluted 

with 19 ml of water to form a basic solution. 

In the presence of methanol, approximately 1000 ppm of hydrogen gas was evolved (Fig 

2.12c). Methanol acts as a hole scavenger and a sacrificial donor, resulting in the formation of 

intermediate byproducts such as formic acid (HCOOH) or formaldehyde (HCHO) [66]. These 

intermediate products partially participate in the photocatalytic reduction of hydrogen ions (H+)  

2

2
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that are produced during the water-splitting reaction. In an acidic condition, around 500 ppm 

of hydrogen gas was generated, and in a basic condition, around 600 ppm of hydrogen gas was 

generated (Fig 2.12c). The apparent quantum efficiency (AQE) with the sacrificial agent was 

about 18%, 10% in the acidic solution, and 12% in the basic solution. 

                              AQE (%) = 
𝒏∗ ∆𝑮

𝑾∗𝑺∗𝑻
 * 100                                                                               (2.15) 

Where n denotes the moles of H2 produced (moles/L), ∆G is the total Gibbs free energy of 

water splitting (237 KJ/mol), W stands for the sun radiation (637 W/m2), S is the surface area 

of the reaction tube (m2), and T is the time of the reaction (s).  

The redox reaction is carried out by the electron-hole pairs in the CB and VB, as mentioned 

below (equation 2.16-2.19) [67], [68]: 

In acidic condition: 

Oxidation:                                        

                                                    2H2O (l) + 4h+   O2 (g) + 4H+ (aq)                            (2.16) 

𝐸𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 
0  = -1.23 V 

Reduction 

                                                     2H+ + 2e-        O2 (g) + 2H2 (g)                             (2.17)

  

                                                                   𝐸𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
0   = 0 V 

In basic condition: 

Oxidation:   

                                                     2OH- (aq)     
1

2
 O2 (g) + H2O (l) + 2e-                                (2.18) 

Reduction:  

                                                      2H2O (l) + 2e-  H2 (g) + 2OH-                                             (2.19) 

 

Based on the scavenger study, it was observed that the photocatalytic activity is attributed to 

both holes and electrons. As a result, a significant amount of hydrogen was generated in both 

acidic and basic conditions 
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Fig 2.12: (a) reusability studies (b) XRD of 1PBG before and after degradation (c) H2 

production studies (d) TOC and COD of Rhb before and after degradation. 

 

  

0 20 40 60 80 100

In
te

n
si

ty
 (

a
.u

.)

2 degree

 After Degradation

 Before Degradation

1000

500

600

With methanol Acidic condition Basic condition

0

200

400

600

800

1000

1200

H
y
d

ro
g

en
 P

ro
d

u
ce

d
 (

p
p

m
)

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6
0

20

40

60

80

100

%
 o

f 
d

eg
ra

d
a
ti

o
n

0

100

200

300

400

500

Before 

degradation

After 

degradation

After

degradation

Before 

degradation

m
g

/L
TOC

COD

a b

c d

14

73

Page 60 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615

Page 60 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615



Chapter 3 

 Ultrafast Charge Separation in PANI/GO/MoO3 for Visible-Light Dye Degradation 

and H2 Generation 

 

Highlights 

➢ Fabrication of different mole ratios of Polyaniline/GO/MoO3 ternary nanocomposite. 

➢ Photocatalysts efficacy tested by degradation of methyl orange and H2 production from 

water splitting. 

➢ Photocatalytic elimination of methyl orange (98 %, rate constant~ 0.0299 min−1) was 

observed under LED light. 

➢ The nanocomposite produced 26468.4 ppm of hydrogen gas in the presence of a 

sacrificial agent (MeOH) with an AQE of 17.97%. 
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3.1. Introduction: 

In the present era, semiconductor-based photocatalysis is essential in addressing the pressing 

challenges of energy scarcity and environmental pollution[1]. By harnessing solar energy as a 

clean, abundant, and renewable source, this technology offers several advantages, including 

high efficiency, eco-friendliness, and cost-effectiveness[2] [3] [4]. To date, the majority of 

efforts have been concentrated on inorganic semiconductors, including TiO2 and various metal 

oxides, sulfides, and nitrides [5]. However, titanium dioxide (TiO2) has limitations, such as a 

low quantum yield and sensitivity only to UV light around 4% of solar energy due to its wide 

band gap of roughly 3.2 eV[6][7]. Additionally, TiO2 is known tohave a carcinogenic nature[8]. 

Hence, there is an imminent demand for the advancement of novel and enhanced visible-light-

driven photocatalysts to maximize solar energy exploitation[9] [10] [11]. 

 In the field of photocatalytic applications for photo-generated fuel production and pollutant 

degradation, organic semiconductors are still relatively underexplored [12]. In recent 

developments, conductive polymers featuring extensively delocalized π-conjugated electron 

systems—such as polypyrrole (PPy), polythiophene (PT), and polyaniline (PANI)—have 

demonstrated promising capabilities in electron transfer mechanisms[13][14]. These polymers 

exhibit notable characteristics such as high mobility of charge carriers, exceptional stability, 

effective hole-transport abilities, significant absorption of visible light, and reduced rates of 

charge recombination [15][16][17]. The intriguing properties of PANI have attracted 

considerable attention among researchers, prompting an exploration of its unique 

characteristics and potential applications[18]. Polyaniline (PANI) exhibits a unique 

conjugation mechanism in which benzenoid and quinoid rings dynamically interact, leading to 

three distinct oxidation states that function as versatile ensembles adaptable to various 

situations[19]. This conjugation phenomenon underscores PANI's commercial viability, 

transcending laboratory settings to emerge as a promising candidate for real-world applications 

across industries[20]. Noteworthy attributes include its high absorption coefficient within the 

visible spectrum, positioning PANI as a potential star in diverse industrial sectors where 

efficient energy absorption is crucial[21]. PANI's remarkable protonation reversibility, 

resembling a dynamic toggling between charged and uncharged states, enhances its versatility 

and utility in various contexts[22][23]. Furthermore, PANI's excellent redox properties enable 

proficient electron handling, rendering it advantageous for catalyzing chemical reactions  
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effectively[24]. Additionally, PANI exhibits notable sensitivity as a photocatalyst, particularly 

in facilitating organic dye interactions, while its superior light and thermal stability contribute 

to the sustained photocatalytic activity, promoting cleaner and more sustainable processes[25]. 

In summary, PANI's multifaceted properties, including its unique conjugation mechanism, high 

absorption coefficient, reversible protonation, redox capabilities, environmental stability, and 

photocatalytic sensitivity, collectively position it as a compelling material for further scientific 

exploration and practical applications across diverse sectors. 

The scientific and engineering communities have been captivated by graphene oxide, It is 

composed of carbon atoms arranged in a hexagonal lattice resembling a honeycomb structure 

[26]. Its exceptional attributes can be delineated as follows: (i) High Surface Area: Graphene 

oxide exhibits an extraordinarily large surface area despite its nearly two-dimensional 

structure, providing an expansive platform for chemical reactions to occur[27]; (ii) Electron 

Acceptor: graphene oxide readily accepts electrons, thereby impeding the recombination of 

photogenerated charge carriers and sustaining their activity[28]; (iii) Synergistic Hybridization: 

when PANI and graphene oxide are present together, their hybrid structure, often in conjunction 

with inorganic materials or transition-metal oxides, enhances degradation rates by mitigating 

electron recombination losses[29]. In summary, the synergistic partnership between PANI and 

graphene oxide constitutes a formidable alliance, facilitating efficient degradation processes 

through their coordinated actions. While PANI and GO composites show enhanced 

photocatalytic activity compared to individual components, their performance may still fall 

short of expectations, especially when compared to other advanced photocatalytic materials, 

that’s why it is necessary to introduce a metal oxide to form a ternary composite[30]. Much 

research has verified that enhancing the photocatalytic activity of semiconductor photocatalysts 

(such as Bi2O2CO3, ZnO, TiO2, CdS, and Bi12O17Cl2) by sensitizing them with PANI leads to 

improved reactivity in photocatalysis[22][23][31][32][33]. In the present study, molybdenum 

trioxide (MoO3) is used because of its non-toxicity, thermal stability, cost-effectiveness, and 

rich oxygen vacancies[34]. Due to its large specific surface area and numerous active sites, it 

demonstrates outstanding photo-assisted degradation properties. MoO3 is an n-type 

semiconductor characterized by a bandgap energy ranging from 2.5 to 3.2 eV[35]. This material 

exhibits remarkable light-absorbing capacity in both the visible and UV regions. Moreover,  
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MoO3 acts as a photocatalyst, demonstrating an impressive adsorption capacity for organic 

dyes in photocatalytic processes.  

In recent decades, substantial research has investigated the photocatalytic properties of titanium 

dioxide (TiO2), cadmium oxide (CdO), cadmium selenide (CdSe), zinc oxide nanoparticles 

(ZnO NPs), and their combinations with conductive polymers (CPs). Researchers have 

proposed various mechanisms to explain the synergistic effects observed between CPs and 

metal oxide NPs, such as π to π* transition of electrons from highest occupied molecular orbital 

(HOMO) to lowest unoccupied molecular orbital (LUMO), increased phase space separation 

between charge carriers, elevated concentration of hydroxyl free radicals, and enhanced photo-

activity under ordinary light[36]. Our main hypothesis of this work is threefold: firstly, 

presence of rod shaped MoO3 helps in better dispersion of 2D GO, with a reduction in the 

number of its stacked layers, and secondly, this will lead to a synergistic improvement in 

electron lifetime of the ternary composite of PANI/GO/MoO3. Thirdly, increased electron life 

time would lead to better dye degradation and greater solar energy hydrogen production via 

water splitting[37] [38]. 

This study centers on the fabrication of a novel ternary composite comprising polyaniline 

(PANI), molybdenum trioxide (MoO3), and graphene oxide (GO) (Scheme 3.1) to assess its 

efficacy in the breakdown of methyl orange (MO) dye through photocatalysis under LED light 

exposure. The synthesized ternary composites underwent comprehensive characterization 

using techniques such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 

Fourier-transform infrared spectroscopy (FTIR), field-emission scanning electron microscopy 

(FESEM), electrochemical impedance spectroscopy (EIS), and UV-visible diffuse reflectance 

spectroscopy (UV-DRS). The study examined several photocatalytic features, such as the 

amount of catalyst used, the area effectively lit, the pH of the solution, and the impact of 

scavengers. Analysis of intermediates and ultimate products that have degraded was performed 

using gas chromatography-mass spectrometry (GC-MS). Furthermore, potential mechanisms 

of photocatalytic degradation were explored to enhance comprehension of the procedure. 

Moreover, the photocatalyst demonstrated the capability to generate green hydrogen gas 

through photocatalytic water splitting. We assessed various conditions such as sacrificial agent 

presence, acidic, basic, and neutral environments for the hydrogen evolution process. The 

apparent quantum yield (AQE%) for photochemical water splitting was then determined under  
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these conditions. This process entails the catalyst absorbing photons, which initiates chemical 

processes that break down organic contaminants into less hazardous substances and enable 

water to split into hydrogen (H2) and oxygen (O2). 

Scheme 3.1: Dispersion of graphene oxide layers and MoO3 nanorods, and in-situ 

polymerisation of PANI. 
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3.2.1.2. Preparation of ternary nanocomposite: 

To commence the process, a composite of GO-MoO3 in a 1:1 ratio was synthesized through an 

in-situ procedure utilizing the precursor of MoO3. Subsequently, various weight percentages of 

the resulting 1:1 GO-MoO3 composites were employed to fabricate ternary composites using 

the oxidative polymerization method. The procedure involved introducing 1:1 GO-MoO3 and 

aniline into a 2M hydrochloric acid solution, followed by stirring for one hour and additional 

sonication for another hour. Subsequently, ammonium persulphate (APS) was gradually added, 

initiating an overnight stirring process for polymerization. The ensuing solution underwent 

thorough washing with 2M hydrochloric acid and water, then dried at 60°C for 24 hours 

(Scheme 3.2)[21]. This method facilitated the preparation of a PANI/GO/MoO3 composite with 

distinct weight ratios (1, 2.5, 4), each labeled as 1PGMO, 2.5 PGMO, and 4PGMO, 

respectively. 

Scheme 3.2: Synthesis procedure of ternary nanocomposite. 

3.2.2. Characterization methods:  

3.2.3.  Experiments involving photocatalysis: 

3.2.3.1.  Test for evaluating the efficacy of photocatalytic degradation activity: 

To assess the photocatalytic degradation capability, methyl orange (MO) was chosen as the test 

compound. In a standard procedure, 4 mg of the photocatalyst was introduced into a 20 mL 

methyl orange aqueous solution (20 ppm). The suspension was kept in darkness for 120 

minutes to reach an adsorption-desorption equilibrium. Utilizing a photocatalytic reactor 
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powered by a 40W LED lamp (Phillips) as the light source, the system was agitated using a 

magnetic stirrer throughout the entire photocatalytic process. The UV–vis spectrophotometer 

was employed to measure the remaining concentrations of MO. The percentage (%) of MO 

degradation was determined using the equation 2.5 (Chapter 2). 

The extent of mineralization was determined using the equation: 

Mineralization (%) = 
𝑻𝑶𝑪𝒊𝒏𝒊𝒕𝒊𝒂𝒍−𝑻𝑶𝑪𝒇𝒊𝒏𝒂𝒍

𝑻𝑶𝑪𝒊𝒏𝒊𝒕𝒊𝒂𝒍
 * 100                                                                           (3.1) 

In this context, "TOC initial" denotes the initial total organic carbon (TOC) concentration of MO 

(measured in mg/L) prior to the degradation process, while "TOC final" signifies the 

concentration of total organic carbon (TOC) in MO after 120 minutes of degradation. 
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Moreover, the identification of the degradation MO products utilized a GC-MS system. 

Chemical structures were deduced from their m/z values, with 'm' indicating the molecular 

mass and 'z' denoting the charge number of the product. Mobile phases for analysis consisted 

of aqueous solutions containing 0.1% dichloromethane (DCM). 

3.2.3.2.  Photocatalytic hydrogen production: 

The photocatalyst, weighing 2 mg, was evenly distributed in a 20 mL aqueous solution. The 

solution contained one mL of MeOH as a sacrificial agent. The experiment was conducted 

under four different conditions: without any sacrificial agent, under acidic conditions, under 

basic conditions, and with a sacrificial agent in an environment saturated with nitrogen gas. 

The container was sealed tightly with an airtight cap. Using a photocatalytic reactor equipped 

with a 40 W LED lamp (Phillips) as the light source, the generated H2 photoproduct was 

analyzed using gas chromatography (GC) with a thermal conductivity detector (TCD) and 

nitrogen as the carrier gas. During the photocatalytic process, the system was stirred 

continuously using a magnetic stirrer. The formula form equation 2.15 (Chapter 2) was used 

to calculate the apparent quantum efficiency (AQE).    

3.3.  Results and discussion: 

3.3.1. Characterisation of the prepared photocatalyst: 

3.3.1.1. Spectral characterization: 
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The X-ray diffraction (XRD) pattern presented in Fig 3.1a illustrates the characteristics of both 

the pure bulk nanomaterials and their nanocomposites. Examining the peaks at 2Ɵ values of 

12.8◦, 25.77◦, and 39.09◦ reveals the corresponding lattice plan of d(100), d(210), and d(310), 

d(110) of MoO3. These peaks confirm the formation of pure MoO3 nanomaterials with a 

hexagonal unit cell (JCPDS NO.: 21-0569)[39]. Additionally, the XRD analysis identifies 

peaks at 2Ɵ = 14.78◦ (121), 20.45◦ (310), and 25.08◦ (003), providing evidence for the presence 

of PANI. The occurrence of the peak at 25.08◦ (003) further signifies the polymeric 

characteristics of PANI[41]. Moreover, the peaks at 11.23◦ (002) and 42.16◦ (100) indicate the 

existence of graphitic graphene oxide[42]. By examining the XRD patterns of the 

nanocomposites 1PGMO, 2.5PGMO, and 4PGMO, it becomes evident that the peaks 

corresponding to MoO3, GO, and PANI persist, confirming the successful incorporation of 

these components into the nanocomposite structures. In the nanocomposite, the amorphous  
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peak at 2Ɵ = 13.1◦ may be marched with d (121) of PANI and d (002) of GO, and there is one 

crystalline peak in the amorphous nanocomposite at 2Ɵ = 32.55◦ due to crystalline MoO3. This 

analysis underscores the potential of the 1PGMO, 2.5PGMO, and 4PGMO catalysts, as their 

composition aligns with the identified characteristics of MoO3, graphene oxide, and 

polyaniline. We used the Scherrer equation to determine the average crystallite sizes of MoO3, 

PANI, g-GO, and 2.5PGMO. Applying Scherrer equation allows for the determination of the 

“D” of MoO3, PANI, g-GO, and 2.5PGMO, which are 60.005nm, 132.235 nm, 102.65 nm, and 

101.34 nm, respectively.  
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underscores the significance of oxygen in the bonding network of the composite material, 

highlighting its role in facilitating interactions and structural stability. 

Fig 3.1: (a) XRD pattern, (b) XPS survey spectrum of 2.5PGMO, (c) Mo 3d core level 

spectrum, (d) O 1s core level spectrum, (e) N 1s core level spectrum and (f) C 1s core level 

spectrum. 
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Fig 3.2: FTIR of PANI, GO, MoO3, 1PGMO, 2.5PGMO, and 4PGMO. 
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The ability of photocatalysts to absorb light is crucial for their photocatalytic activity. In Fig 

3.3a, the UV–vis absorption spectra of the obtained photocatalysts are presented. MoO3 

nanorods exhibit intense absorption in the ultraviolet spectrum (250−400 nm). However, the 

ternary nanocomposites (PGMO) demonstrate a broader absorption in the UV as well as visible 

region. This broader absorption is attributed to the presence of the PANI, which acts as a 

sensitizer for visible light. Moreover, the hue of the photocatalysts shifts from white for MoO3 

to dark green for ternary nanocomposites, which indicates the successful incorporation of PANI 

into the composite structure and reflects its visible light-absorption properties. Consequently, 

it is anticipated that the ternary nanocomposites will exhibit superior photocatalytic 

performance compared to pure MoO3 under visible-light irradiation, owing to their enhanced 

light-absorption capabilities facilitated by the PANI component. 

The energy gap of a semiconductor can be calculated using Tauc’s formula. In this study, the 

bandgap energy (Eg) was derived from graphs showing (αhν)2 versus Eg. As illustrated in Fig 

3.3b, the Eg of MoO3 is calculated to be 2.5 eV, while for 2.5PGMO composites, the Eg value 
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is 2.4 eV, for 1PGMO is 2.7 eV, and for 4PGMO is 2.64 eV. The decrease in Eg for the 2.5PGMO 

nanocomposite suggests a significant broadening of the range responsive to visible light after 

PANI modification. That’s why, we use 2.5PGMO for photocatalytic studies. This broadening 

of responsive to visible light range indicates that the incorporation of PANI is advantageous 

for improving the efficiency of photocatalysis of MoO3 for 2.5PGMO composite.  

Typically, photoluminescence (PL) spectra are utilized to assess the effectiveness of processes 

such as photo-generated carrier capturing, movement, transport, isolation, and recombination. 

Fig 3.3c depicted the PL emission spectra for both MoO3, PANI, GO, and the PGMO 

composites. These spectra reveal a luminous peak at approximately 450 nm for photocatalysts. 

Interestingly, when comparing the PL emission intensity of pure MoO3, PANI, and GO with 

that of the PGMO composites, a significant decrease in fluorescence intensity is observed in 

the latter.  
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Fig 3.3: (a) UV-Vis DRS spectra, (b) Tauc’s plot, and (c) PL spectra of GO, PANI, MO, 

1PGMO, 2.5PGMO, and 4PGMO. 

3.3.1.2. Surface properties: 
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The BET study was conducted to assess the overall surface area, mean pore size, and total 

volume of pore for the individual materials and their composites. This analysis is depicted in 

Fig 3.4 and summarized in Table 3.1. For both pure substances and composites of materials, a 

type IV isotherm was observed, demonstrating the creation of multiple molecular adsorption 

layers and the process of particles condensing within tiny capillary pores. Furthermore, the 

BJH plot suggested each material displayed mesoporous attributes, with pore diameters below 

5 nm. Interestingly, the composite materials exhibited a higher pore volume compared to the 

bulk materials. Specifically, GO and MoO3 exhibited much lower surface areas in comparison 

to the composites and PANI. These findings suggest that PANI plays a pivotal role in 

augmenting the surface area within the composites. This increased surface area is advantageous 

for efficient adsorption processes. In summary, the BET analysis offers vital information on the 

structural characteristics of the materials and emphasizes the notable impact of PANI in 

improving the overall surface area of the composite materials.  

Table 3.1: BET surface area, total pore volume, and average pore diameter. 

Photocatalyst Surface Area (m2/g) Total Pore Volume 

 (cm3/g) 

Average Pore 

Diameter (nm) 

PANI 17.3 0.020 4.7 

GO 8.9 0.0172 5 

MO 7.4 0.007 3.9 

1PGMO 18.9 0.025 3.5 

2.5PGMO 29.6 0.034 3.6 

4PGMO 27.9 0.022 3.1 

 

 

 

 

 

5

13

28

152

Page 73 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615

Page 73 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615



Polyaniline/GO/MoO3 Ternary Nanocomposites                                           Chapter 3 

 

Fig 3.4: (a) Adsorption-Desorption curves of PANI, GO, MoO3,1PGMO,2.5PGMO,4PGMO 

(b) BJH plot of PANI, GO, MoO3,1PGMO,2.5PGMO,4PGMO. 

3.3.1.3. Morphological properties: 

FESEM analysis (Fig 3.5a-3.5d) offers valuable insights into the structural features of the 

prepared composite. The FESEM image of MoO3 reveals long nanorods with diameters ranging 

from 60 to 80 nm. Similarly, The FESEM image of Polyaniline (PANI) validates the existence 

of a fibrous structure characterized by a porous texture. In Fig 3.5b, well-agglomerated and 

scrubbed layers of graphene oxide (GO) are visible, indicating effective dispersion and 

separation of GO layers. The exfoliation of GO can be attributed to the existence of oxygen-

containing functional groups on its surface layers. The nanocomposite forms agglomerates of 

GO with PANI as a result of the fibrous characteristics of the polymer. The FESEM image of 

the nanocomposite material (Fig 3.5c) provides evidence for the simultaneous existence of 

polyaniline, GO, and MoO3 nanorods, thereby verifying the successfully forming 

heterojunction structures. The harmonious composition of the produced nanocomposites was  
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determined by the use of EDS (Fig 3.6). The EDS analysis verified the concurrent existence of 

carbon (C), nitrogen (N), molybdenum (Mo), and oxygen (O) in the produced nanocomposite. 

Furthermore, the element color mappings of the nanocomposite material verify the even 

dispersion of all elements, a critical factor in improving the photocatalytic characteristics of 

the composite. Overall, the FESEM and EDS analyses provide comprehensive structural and 

elemental information, essential for understanding the composition and properties of the 

synthesized nanocomposites.  

Fig 3.5: FESEM image of (a) PANI, (b) GO, (c) MO, and (d) 2.5 PGMO. 
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Fig 3.6: (a) FESEM image of 2.5PGMO (c,k) EDS spectrum of 2.5PGMO and (b,d-j) is the 

elemental mapping of its constituents. 

3.3.1.4.Photoelectrochemical measurements: 

To investigate the photo-electrocatalytic performance, photoelectrochemical measurements 

were conducted. Employing EIS, a significant tool for studying charge transfer processes at the 

electrode-electrolyte interface, was instrumental. This method is commonly employed to assess 

the efficacy of charge separation in photo-induced reactions. The EIS results, illustrated in Fig 

3.7a-3.7d, depict a representative impedance spectrum of the prepared samples. For a more in-

depth analysis, an equivalent circuit (inset in Fig 3.7a-3.7d) was applied to interpret the 

impedance spectra, and EC-Lab software facilitated fitting. In this circuit, R1 represents the 

system's series resistance. The semi-circular Nyquist plot in Fig 3.7 further confirms that the 

2.5PGMO composite electrode exhibits a smaller arc radius than pure PANI, GO, and MoO3 

when exposed to visible light. This indicates that the 2.5PGMO photo-electrode demonstrates 

a more efficient division of light-induced charge carriers and accelerated interfacial charge 

transfer. In Fig 3.8, the  
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characteristic peak of PANI, GO, MoO3, and 2.5PGMO shows a frequency of 3214.77 Hz, 

6689.46 Hz, 7236.66 Hz, and 259.9 Hz respectively. This shift to a lower frequency for 

2.5PGMO implies a faster process for electron transfer. The relationship between frequency (f) 

and the duration (τ) of injected electrons' lifespan, as per the equation τ ≈ 1/(2πf), suggests that 

the electron lifetime of 2.5PGMO (0.612 ms) is approximately 12-fold increase compared to 

pure PANI (0.0495 ms), 25-fold increase compared to pure GO (0.023 ms), and 28-fold 

increase compared to pure MoO3 (0.022 ms). This substantial increase indicates a longer 

injected electron lifetime, effectively inhibiting charge recombination in the 2.5PGMO photo-

electrode. As a result, this improves charge separation efficiency and boosts photo-

electrocatalytic performance.  

Fig 3.7: EIS plot of (a) MoO3, (b) GO, (c) PANI, and (d) 2.5PGMO. 
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Fig 3.8: Phase angle (degree) vs. Frequency plot of (a) PANI (b) GO (c) MoO3 (d) 2.5PGMO. 
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Fig 3.9: Mott-Schottky plot of (a) PANI (b) GO (c) MoO3 (d) 2.5PGMO. 

3.3.2.1.Photocatalytic removal of organic pollutant methyl orange (MO): 

The efficacy of photolysis, without the presence of catalysts, in removing MO was 

demonstrated in Fig 3.10a. It showed a mere ~3% reduction in the absorbance over 120 minutes 

of LED lamp exposure. The poor ability of direct photolysis to degrade verifies the high 

resistance to deterioration of MO through exposure to light. Upon reaching adsorption-

desorption equilibrium in the dark after 120 minutes, approximately 30.2% of MO molecules 

were adsorbed when using 2.5PGMO, however, bare PANI, GO, Molybdenum trioxide, 1PG 

(99 wt% of polyaniline and 1 wt% of graphene oxide), 11GMO (1:1 of graphene oxide and 

molybdenum trioxide), 1PMO (1 wt% of molybdenum trioxide added to  99 wt% of 

polyaniline),1PGMO, 4PGMO, and commercially used TiO2 samples adsorbed 20.2%, 25.5%, 

8.2%, 12.2%, 11.1%, 10.7%, 27.7%, 28.3%, and 7.1% of MO, respectively. The superior 

adsorption capacity of the 2.5PGMO is attributed to the increased surface area with abundant 

anionic azo dye methyl orange adsorption sites achieved by simultaneously incorporating 2.5 

wt% of GO/MO onto the surface of PANI. To enhance removal efficacy, degradation was 

initiated with light illumination. After 120 minutes of irradiation to LED light, the catalytic 

efficiency associated with the prepared catalysts improved in the following manner: PANI 

(30.1%) < GO (31.2%) < Molybdenum trioxide (32.8%) < TiO2 (33.1%) < 1PMO (45.6%) < 

1PG (50.3%) < 11GMO (72.8%) < 1PGMO (85.7%) < 4PGMO (90.4%) < 2.5PGMO (98.9%). 

These results demonstrate that bare MoO3 can only decompose a finite quantity of MO due to 

the photo-response spectrum of the material is limited and it has an inadequate specific surface 

area, and rapid recombination of photo-induced e- and h+. The presence of PANI and GO 

species was discovered to enhance the performance. The photocatalytic activity of the 

composites 1PMO, 1PG, and 11GMO was enhanced compared to the single-component 

material. However, the degree of degrading was heavily influenced by the loading of GO and 

MoO3. The 2.5PGMO demonstrated the most effective degrading efficiency for removing MO. 

However, when the amount of 11GMO was increased to 4 wt%, there was a minor decrease in 

the effectiveness of MO removal. This behaviour can be attributed to two factors: when the 

amount of inserted content from 11GMO species was reduced, the photo-generated carriers of 

charges in the 1PGMO composite materials were not efficiently distributed, leading to a 

decrease in photodegradability. In addition, the excess presence of 11GMO at a concentration  
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of 4 wt% can obstruct the sites of activity on the catalytic surface, hence hindering the incident 

irradiation and diminishing the photocatalytic capability. Hence, the inclusion of an optimal 

quantity of 11GMO species facilitates the attainment of maximum synergy among PANI, GO, 

and MoO3, resulting in boosted photocatalytic activity. This enhancement can be credited to a 

shorter band gap, upgraded light absorption capacity, reduced recombination of electron-hole 

pairs, and increased absorbing ability. Furthermore, a quantitative examination of the 

photocatalytic disintegration kinetics of MO was conducted by fitting the experimental results 

to a pseudo-first-order rate equation: 

ln (Ct/C0) = - kt                                                                                                                         (3.2) 

In this context, C0 and Ct refer to the concentrations of MO at 0 and t minutes of irradiation, 

respectively. The variable k indicates the reaction rate constant (min-1). Remarkably, in line 

with the degree of decomposition, there is a degradation rate constant k of 1PGMO (0.02283 

min-1), 2.5PGMO (0.0299 min-1), 4PGMO (0.02803 min-1), 1PG (0.01063 min-1), 1PMO 

(0.00614 min-1), 11GMO (0.01073 min-1), PANI (0.00518 min-1), GO (0.00174 min-1), MoO3 

(0.00451 min-1), and TiO2 (0.00385 min-1), respectively.  

The synergy achieved through the amalgamation of PANI, GO, and MoO3 was quantified using 

the synergy factor (R), calculated through the equation: 

R = 
𝑲𝑷𝑨𝑵𝑰+𝑮𝑶+𝑴𝒐𝑶𝟑

𝑲𝑷𝑨𝑵𝑰+𝑲𝑮𝑶+𝑲𝑴𝒐𝑶𝟑
                                                                                                                 (3.3)   

Where, 𝐾𝑃𝐴𝑁𝐼+𝐺𝑂+𝑀𝑜𝑂3, 𝐾𝑃𝐴𝑁𝐼 , 𝐾𝐺𝑂 , 𝐾𝑀𝑜𝑂3 denote the rate constants for photodegradation 

for the PANI/GO/MoO3 ternary composite, as well as for PANI, GO, and MoO3 individually. 

The synergy factors for 1PGMO, 2.5PGMO, 4PGMO, 1PG, 1PMO, and 11GMO were 

calculated as 1.84, 2.41, 2.26, 1.34, 0.49, and 1.72 respectively. Out of all of the 

nanocomposites, 2.5PGMO displayed the greatest synergy factor, which resulted in its superior 

efficacy in degrading photocatalytic substances and a maximum rate constant of 0.0299 min-1. 

3.3.2.2.  Impact of the amount of catalyst dosage: 

The effectiveness of a photocatalyst is significantly influenced by the quantity of catalyst used. 

To explore the impact of catalyst dosage on the degradation of MO, a set of photocatalytic 

experiments were conducted, varying the amount of the ternary photocatalyst (2.5PGMO) from 

1 to 4 mg while maintaining a constant MO concentration of 20 ppm. When the quantity of  
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photocatalyst was minimal (0.1 g/L), there was limited involvement of active species in the 

degradation of MO, resulting in reduced photocatalytic degradation efficiency. The best 

degradation efficiency was achieved with 0.2 g/L (Fig 3.10b) of the photocatalyst, due to the 

greater accessibility of active sites and the efficient utilization of light energy. However, an 

increase in the dosage of the catalyst beyond 0.2 g/L resulted in no significant change in the 

degradation rate. This phenomenon can be ascribed to an excessive accumulation of the 

catalyst, potentially diminishing solution transparency and light penetration ability. In addition, 

it can deactivate some regions of the catalyst surface that would otherwise be available for the 

degrading process. In summary, the findings indicate that the maximum amount for MO 

photodegradation is 0.2 g/L of the catalyst.  

3.3.2.3. Effect of the solution's pH: 

The adsorption capacity of the composite is heavily controlled by the pH of the solution of dye, 

which in turn has a major impact on the effectiveness of degradation. [56]. To fully grasp how 

the pH of the solution affects the removal of MO dye, solutions with different pH levels were 

carefully created employing solutions of 0.1 N HCl and 0.1 N NaOH. Solutions containing 

catalyst-to-dye with a concentration of 0.2 g/L were prepared, and the pH values were 

monitored prior to and following the degradation procedure. Fig 3.10e illustrates that the 

composite 2.5PGMO possesses a point of zero charges (pzc) around pH 6.5. The degradation 

effectiveness gradually increases from pH 1 to 5, reaching a maximum at pH of 6.8 (Fig 3.10f). 

In basic solutions, the degradation effectiveness shows a gradual decrease. This observation 

underscores the crucial role of solution pH in modulating the photocatalytic degradation 

efficiency of the composite. The trends suggest that the surface charge of the composite, 

influenced by the pH conditions, significantly affects the adsorption and subsequent 

degradation of MO dye molecules. The optimal performance is achieved in slightly acidic 

conditions (pH 6.5), emphasizing the importance of considering solution pH in designing and 

optimizing photocatalytic processes for effective pollutant removal. The efficiency of 

degradation decreases gradually in highly alkaline solutions, mainly because of the creation of 

metal hydroxide precipitates at the surface of the catalyst. 

3.3.2.4. Effect of the illuminated area: 
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The study effectively explored the significance of the illuminated surface area when employing 

the 2.5PGMO material serving as a photocatalyst in visible light conditions. A solution 

containing 0.2 g/L of photocatalyst was mixed with 20 ppm of MO dye. The mixture was 

agitated under visible light for a duration of 120 minutes. Vessels of varying diameters were 

used to alter the reaction's surface area while keeping the distance between the pollutant 

solution's upper surface and the lamp's bottom surface constant at 6 cm. The results 

demonstrated that as the surface area that was exposed to the reaction mixture increased, there 

was a commensurate enhancement in the degradation efficiency (Fig 3.10c). Increased surface 

area in the reaction mixture resulted in intensified exposure to light, hence enhancing the 

photocatalytic breakdown of contaminants and yielding the best efficiency in degradation.  

Fig 3.10: (a) Kinetic studies, (b) effect of catalyst concentration, (c) Impact of illuminated 

surface area, (d) scavenger studies, (e) pzc studies, and (f) effect of pH on methyl orange 

solution. 

3.3.2.5. Probable degradation pathway of MO: 

When examining the intermediates generated while decomposing organic dyes through 

photodegradation, it is crucial to track the TOC and COD levels in the solution as it undergoes 

light exposure. Following 120 minutes of exposure to visible light, the TOC and COD reduction 

efficiencies for MO are observed to be 70% and 81.1%, respectively. Examination of Fig 3.14a 

suggests that the solutions undergo nearly complete mineralization, containing intermediates  
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characterized by a limited mineralization potential. This observation implies a thorough 

breakdown of the organic dye into byproducts with diminished mineralization capacity. 

GC-MS analysis was employed to identify the degradation products of MO through the use of 

2.5PGMO nanocomposite. In Fig 3.11, the complete mass spectra of MO degradation by 

2.5PGMO are presented. MO dye has a characteristic mass spectrum at m/z of 306. The mass 

spectrogram after 120 minutes of degradation (Fig 3.11) shows m/z peaks at 121, 136, 157, and 

172, which match the intermediate products resulting from the degradation of MO. These 

substances include sulfanilic acid at m/z 172, which fragments into benzenesulfonic acid at m/z 

157 following the removal of an amino group (NH2). Additionally, N,N-dimethyl-p-

phenylenediamine at m/z 136 fragments into N,N-dimethyl benzenenamine at m/z 121 

following the removal of an amino group (NH2). Based on the results observed, It is suggested 

that the degradation pathway of MO involves the even division of the azo bond (–N=N–), 

yielding sulfanilic acid and N, N-dimethyl-p-phenylenediamine[57]. A mechanism of the 

degradation path is described in Fig 3.12. Subsequent degradation of intermediate products 

may lead to further mineralization into CO2 and H2O.  

 

 

 

 

 

 

 

 

 

Fig 3.11: GC-MS data after degradation of methyl orange. 
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Fig 3.12: Potential pathway for photocatalytic degradation of methyl orange using the 

2.5PGMO photocatalyst. 

3.3.2.6. Influence of scavenger and potential mechanisms for charge transfer: 

The process of degradation primarily engages electrons within the conduction band (CB), holes 

in the valence band (VB), superoxide radicals, and hydroxyl radicals. All of these factors play 

a vital function during the degradation process. An investigation into scavenging was 

conducted to identify the primary species involved in the degrading process. Different 

scavengers, including isopropyl alcohol (IPA), dimethyl sulfoxide (DMSO), benzoquinone 

(BQ), and methanol, were employed to capture hydroxyl radicals (OH•), electrons (e•), and 

superoxide radicals (O2
•-) during the degradation process. The scavenger study revealed 

noteworthy interactions, where the hydroxyl radicals (OH•) acted as reductive agents and 

interacted with benzoquinone (BQ) to generate hydroquinone. Furthermore, the participation 

of DMSO had the participation of DMSO, signifying the crucial role of hydroxyl radicals (OH•) 

in the degradation process. The presence of unpaired electrons the presence of DMSO  

N,N dimethyl benzeneamine

CO2 + H2O + SO3
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facilitates electron transfer involving its oxygen atoms resulting in the creation of hydrogen 

bonds with the hydrogen atoms from hydroxyl radicals (OH•)[58]. The results depicted in Fig 

3.10d demonstrate that the process of degradation reaction is significantly affected by 

methanol, IPA, and BQ. This observation strongly suggests that holes, hydroxyl radicals, and 

superoxide radicals are the predominant species driving the mechanism of degradation. The 

comprehensive scavenger study sheds light on the intricate charge transfer mechanisms and the 

significant roles played by specific reactive species in the overall degradation process. The 

enhanced performance of the 2.5PGMO composite is attributed to the augmentation of charge 

separation achieved by incorporating GO and MoO3 into the polyaniline matrix. To elucidate 

the mechanism underlying the heightened photocatalytic activity of the 2.5PGMO composite, 

a thorough examination of the investigation involved determining the relative positions of the 

bands of PANI, GO, and MoO3.  In Fig 3.9, the Mott-Schottky plots for both PANI, GO, MoO3, 

and 2.5PGMO reveal their characteristic nature as typical p-type semiconductors, with overall 

negative slopes[59]. The determination of flat-band potentials, derived from the points where 

the linear region intersects the x-axis, yields values of -0.1 V for PANI, 0.26 V for GO, 0.22 V 

for MoO3, and -0.3 V for 2.5PGMO, referenced against the Ag/AgCl. Significantly, the ECB 

of the 2.5PGMO composite displays a substantial negative shift of 0.3 V in comparison to the 

pure GO, and MoO3. This observed shift can be attributed to electronic interactions involving 

PANI, GO, and MoO3, leading to a pronounced lowering of the conduction band potential. 

This, in turn, results in occupying a conduction band at a high energy level, enhancing the 

reductive capacity of the 2.5PGMO composite. The detailed analysis of Mott-Schottky plots 

and band potential shifts sheds light on the underlying electronic interactions and contributes 

to the understanding of the enhanced photocatalytic properties of the 2.5PGMO composite. In 

the context of the two channels for the transfer of charges and analysis of energy levels under 

visible light illumination (Fig 3.13), the absorption of photons by GO, MoO3, and PANI is 

instrumental in generating electrons in the conduction band (CB) of GO, MoO3, and the lowest 

unoccupied molecular orbital (LUMO) of PANI. Simultaneously, this process leaves holes in 

the valence band (VB) of GO, MoO3, and the highest occupied molecular orbital (HOMO) of 

PANI. Following the principle of energy minimization, electrons from the CB of GO and MoO3 

are more prone to move toward the HOMO of PANI, compared to their transition across the 

heterojunction barrier from an excited state to a ground state (VB) of GO or MoO3. At the same 

time, the generated holes in the HOMO of PANI can attain a potential of -OH/·OH (+2.4 V)  
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[60], while the existing electrons in the CB of GO can reach the O2/·O2– potentials (−0.046 V) 

[60]. Consequently, these holes (h+) can efficiently oxidize OH– to ·OH, and the electrons (e−) 

can reduce O2 to ·O2−, both of which are energetic species capable of degrading methyl orange 

(MO) into by-products. However, it is noted that the existing electrons in the CB of GO and 

MoO3 cannot reach the potentials of O2/·O2– (−0.046 V). Therefore, these electrons directly 

oxidize MO into degradation products and can produce hydrogen by water splitting. 

Consequently, ·O2−, ·OH, and e- emerge as the primary active species that catalyzes the 

decomposition of the MO solution into products on the photocatalyst's surface. This outcome 

aligns with the findings of radical scavenging experiments, suggesting that the charge transfer 

channel of the catalyst adheres to the direct Z-scheme mechanism. The following summary 

encapsulates the key points: 

PANI + hν                                  eLUMO
- (PANI) + hHOMO + (PANI)                                                         (3.4) 

GO + hν                                     eCB
− (GO) +  hVB + (GO)                                                                          (3.5) 

MoO3 + hν                                 eCB
− (MoO3) + hVB 

+ (MoO3)                                                                   (3.6) 

eLUMO
- (PANI) + O2                      ·O2– (PANI)                                                                                   (3.7) 

hVB + (PANI/GO/MoO3) + OH–                   ·OH (PANI/GO/MoO3)                                           (3.8) 

O2– (PANI), ·OH (PANI/GO/MoO3) + MO                         Degraded products              (3.9)  
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Fig 3.13: Potential mechanism for the transfer of charges in the process of photocatalytic 

degradation and hydrogen production. 

3.3.2.7. Reusability studies: 

The durability of the photocatalyst is a critical factor for the ongoing utilization of a material 

used in environmental remediation. Hence, it is crucial to investigate the longevity of the 

photocatalytic composite under multiple cycles of photodegradation. Hence, it is crucial to 

investigate the durability of the photocatalysis composite following numerous repetitions of 

photodegradation. The findings indicated that the 2.5PGMO composite demonstrated 

remarkable photostability, as evidenced by the high degradation efficiency of 85-98% for MO 

even after undergoing five cycles. This is depicted in the graphs depicting photodegradation 

presented in Fig 3.14b. After undergoing five cycles, the nanocomposite was analyzed using 

XRD analysis. The results indicated a slight reduction in peak intensity, likely because of the 

adsorption of dye molecules at the surface of the catalyst. However, there was no alteration 

observed in the catalyst's XRD pattern (Fig 3.14d). This suggests that the photocatalyst 

maintains its durability and integrity over time. 
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A comparison was conducted between the 2.5PGMO photocatalyst and other materials that 

have been reported in the literature for the photocatalytic purification of organic pollutants. The 

results have been organized in Table 3.2. The results of the investigation show that treating 

persistent organic pollutants with a lower catalyst concentration works well. 

Table 3.2: Comparison of different photocatalyst materials for photocatalytic degradation. 

Photocatalyst Catalyst amount (mg) % degradation Time (min) References 

PANI-TiO2 10 89.7 120 [61] 

PANI/TiO2/Cotton - 87.7 180 [62] 

PANI/TiO2/SiO2 - 87 120 [63] 

PANI/Fe-TiO2 - 28 150 [64] 

Ag-Ag2O/TiO2@PPY 100 100 175 [65] 

PEDOT/GO/MnO2 20 92.7 420 [66] 

RGO/mesoTiO2/AuNP 10 - 240 [67] 

PANI@GN/TiO2 50 87 180 [68] 

Ag2O/TiO2@PPY 50 100 240 [69] 

PANI/GO/MoO3 (2.5%) 2 98 120 Present 

work 

 

3.3.2.8. Photocatalytic hydrogen generation studies: 

For 24 hours under LED light, the process of generating hydrogen through photocatalytic water 

splitting was conducted, employing four distinct water solutions. The starting solution 

comprised 1 ml of methanol (used as a sacrificial agent) mixed with 19 ml of water. The second 

solution entailed the process of combining 1 ml of HCl diluted with 19 ml of water, which led 

to the formation of an acidic solution. The third solution was prepared by combining 1 ml of  
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1N NaOH diluted with 19 ml of water, resulting in a basic solution. The fourth solution 

consisted of 20 ml of H2O only. When methanol was present, a total of 26468.4 ppm of 

hydrogen gas was released (Fig 3.14c). Methanol acts as both a scavenger for holes and a 

sacrificial donor, leading to the generation of intermediate substances formed during the 

process like formic acid or formaldehyde[70]. During the water-splitting reaction, hydrogen 

ions (H+) generated are partially involved in the photocatalytic reduction process with the aid 

of these intermediate products. Under acidic conditions, approximately 23901.07 ppm of 

hydrogen gas was produced, while under basic conditions, about 24460.4 ppm of gas consisting 

of hydrogen was produced. Additionally, in the presence of catalyst and water, around 23523.75 

ppm of hydrogen was produced. The quantum efficiency with the sacrificial agent was 

approximately 30.76%, 27.78% in the acidic solution, 28.37% in the basic solution, and 

27.34% in the only catalyst. The equations 3.10-3.13 below demonstrate how the pairs of 

electrons and holes within the conduction band and valence band facilitate the redox 

reaction[71], [72]. 

In acidic condition:                                  

Oxidation:                                        

                                                 2H2O (l) + 4h+   O2 (g) + 4H+ (aq)                           (3.10) 

 

𝑬𝒐𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏 
𝟎  = -1.23 V 

Reduction 

                                                     2H+ + 2e-        O2 (g) + 2H2 (g)                               (3.11)

  

                                                                   𝑬𝒓𝒆𝒅𝒖𝒄𝒕𝒊𝒐𝒏
𝟎   = 0 V 

In basic condition: 

Oxidation:   

                                                     2OH- (aq)     
𝟏

𝟐
 O2 (g) + H2O (l) + 2e-                                  (3.12) 

Reduction:  

                                                      2H2O (l) + 2e-  H2 (g) + 2OH-                                                (3.13) 
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Observations from the scavenger study revealed that the photocatalytic activity owes its 

effectiveness to both electron and hole participation. Consequently, substantial hydrogen 

production occurred under conditions of both acidity and alkalinity. 

Fig 3.14: (a) TOC and COD of MO before and after degradation, (b) reusability studies, (c) 

hydrogen production studies, and (d) XRD of 2.5PGMO before and after degradation. 
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                                                         Chapter 4 

 PANI/GO/MoS₂ Nanocomposites for Efficient Photocatalytic Pollutant Degradation and       

H₂ Generation 

 

 

 

 

Highlights 

 

 

➢ Fabrication of different mole ratios of Polyaniline/GO/MoS2 ternary nanocomposite. 

➢ Photocatalysts efficacy tested by degradation of methyl orange and H2 production from 

water splitting. 

➢ Photocatalytic elimination of methyl orange (99 %, rate constant~ 0.03 min−1) was 

observed under LED light. 

➢ The nanocomposite produced 1500 ppm of hydrogen gas in the presence of a sacrificial 

agent (MeOH) with an AQE of 26%. 
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4.1. Introduction: 

Semiconductor-based photocatalysis has gained prominence for solar fuel production and 

pollutant degradation, driven by urgent energy and environmental challenges [1][2][3]. The 

discharge of dye waste from industries like paper, leather, and nylon production significantly 

affects aquatic life by causing water pollution[4]. Reducing the coloration of these dyes is a 

crucial step in wastewater treatment prior to environmental discharge due to their synthetic 

origin, intricate chemical composition, and potential toxicity, as well as their carcinogenic or 

explosive properties[5]. The rapid exhaustion of fossil fuels like coal, natural gas, and oil, along 

with rising political and environmental concerns, has heightened the need for renewable energy 

from sustainable sources for long-term solutions[6]. This has led to numerous efforts in 

investigating innovative approaches to advancing renewable energy technologies. In recent 

years, transforming solar energy into chemical energy as solar fuels like hydrogen, methanol, 

and methane has emerged as a promising solution[7] [8]. This approach aims to lessen our 

heavy reliance on depleting fossil resources and address future energy and environmental 

challenges. Hydrogen (H₂) plays a vital role as a superior energy carrier essential for promoting 

a low-carbon emission economy. While hydrogen (H2) may pose challenges related to safe 

transportation, it possesses numerous significant advantages: (i) In addition to its 

environmental friendliness, hydrogen (H2) is also non-toxic, setting it apart from most other 

fuel sources; (ii) With its abundant resources, hydrogen (H2) is the most plentiful element 

obtainable from a diverse array of sources such as alcohol and biomass; (iii) The primary 

benefit of using hydrogen energy is that it produces almost no harmful emissions when burned; 

(iv) Hydrogen energy is a highly efficient fuel source, outperforming traditional energy sources 

by producing greater energy per unit of fuel [9][10][11]. Following the initial report by Honda 

and Fujishima on TiO2 electrodes, significant research has focused on photocatalytic and 

photoelectrochemical (PEC) water splitting to enhance hydrogen fuel production and support 

the hydrogen economy[8]. Although TiO2 has been the most extensively studied photocatalyst 

to date, its large energy gap of 3.2 eV has limited its ability to effectively utilize sunlight[8]. 

Given these intrinsic benefits, further research should focus on developing PANI-based 

composites to enhance photocatalytic materials. Polyaniline (PANI) is a conductive polymer 

characterized by a delocalized π-π conjugated structure[12]. Its benzenoid and quinonoid units 

exhibit multiple redox states along with various other intriguing properties. Furthermore, PANI 

is highly suitable for large-scale applications because of its excellent conductivity, outstanding  
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environmental stability, and ease of preparation[13]. A stable matrix can enhance the durability 

of the resulting composite. 
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This study focuses on developing a new ternary composite of polyaniline (PANI), molybdenum 

disulfide (MoS2), and graphene oxide (GO) to evaluate its effectiveness in degrading methyl 

orange (MO) dye through photocatalysis under the LED light. The synthesized composites 

were thoroughly characterized using XRD, XPS, FTIR, FESEM, and UV-DRS techniques. 

Various photocatalytic factors, including catalyst dosage, illuminated area, solution pH, and the 

effect of scavengers, were investigated. Degradation intermediates and final products were 

analyzed using GC/MS, and possible mechanisms were explored for better understanding. 

Additionally, the photocatalyst's potential for green hydrogen generation via photocatalytic 

water splitting was assessed under various conditions—sacrificial agent presence, acidic, basic, 

and neutral environments. The apparent quantum yield (AQE%) for water splitting was also 

calculated, demonstrating the catalyst's ability to absorb photons and drive chemical reactions 

that degrade organic pollutants and dissociate water into H2 and O2. 

4.2. Experimental section: 

4.2.1. Synthesis of MoS2 and ternary nanocomposite: 

Polyaniline (PANI) and graphene oxide (GO) are synthesized by the oxidative polymerization 

method and modified Hummers’ method, respectively, as outlined in our prior research [26]. 

For the synthesis of MoS2, ammonium molybdate tetrahydrate and thiourea were initially 

dissolved in 20 ml of ethylene glycol; then the mixture was stirred for one hour. The mixture 

was then sonicated for one hour to ensure complete dispersion of the precursor. Then the 

prepared solution was heated for 30 minutes at 180°C temperature in a microwave synthesizer 

(Biotage initiator +).  

A 1:1 GO/MoS₂ (wt./wt.%) composite was first synthesized using the MoS₂ precursor through 

an in-situ method. Next, different weight percentages of the 1:1 GO/MoS₂ composite were used 

to form a ternary composite via oxidative polymerization. Initially, 1:1 GO/MoS₂ and aniline  
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were combined in a 2M HCl solution, stirred for one hour, and then sonicated for another hour. 

Next, ammonium persulfate (APS) was added gradually and the mixture was stirred overnight 

to facilitate polymerization. The resulting solution was rinsed with 2M HCl and water, then 

dried at 60°C for 24 hours. Thus, the PANI/GO/MoS2 composites were prepared in different 

weight ratios (1, 2.5, 4) and were designated as 1PGMS, 2.5PGMS, and 5PGMS, respectively.  

4.2.2. Techniques for characterization: 

4.2.3. Photocatalysis experiments: 

4.2.3.1. Assessment of photocatalytic degradation effectiveness: 
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A GC-MS system identified the degradation products of MO, using m/z values to deduce their 

chemical structures, where 'm' is the molecular mass and 'z' is the charge number. The analysis 

used aqueous solutions with 0.1% dichloromethane (DCM) as the mobile phase. 

4.2.3.2. Hydrogen production through photocatalysis: 

A 2 mg photocatalyst was mixed into 20 mL of an aqueous solution containing 1 mL of MeOH 

as a sacrificial agent. The experiment was performed under four varying conditions: without a 

sacrificial agent, in an acidic medium, in a basic medium, and with a sacrificial agent in a 

nitrogen-filled environment. The container was securely closed with an airtight lid. The 

analysis of the H2 photoproduct was performed using gas chromatography (GC) with a thermal 

conductivity detector (TCD), employing nitrogen as the carrier gas. This was conducted in a 

photocatalytic reactor equipped with a 40 W Phillips LED lamp serving as the light source. 

Throughout the photocatalytic process, a magnetic stirrer was used to keep the system in 

constant motion. The formula form equation 2.15 (Chapter 2) was used to calculate the 

apparent quantum efficiency (AQE). 

4.3. Results and discussion: 

4.3.1. Characterization of the synthesized photocatalyst: 

4.3.1.1. Analysis of spectral properties: 

X-ray diffractograms in the 10° to 80° range were used to analyze the phase composition and 

crystalline structure of the prepared samples (Fig 4.1a). The XRD analysis reveals peaks at 2θ 
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= 14.92° (121), 20.48° (310), and 25.33° (003), indicating the presence of PANI[14]. The peak 

at 25.33° (003) particularly highlights the polymeric nature of PANI. Additionally, the presence 

of graphitic graphene oxide (GO) is evidenced by the peaks observed at 11.23° (002) and 

42.16° (100)[27]. The diffraction peaks observed at 13.01°, and 28.1° (2θ) correspond to the 

lattice planes (002), and (004) of crystalline MoS2, respectively, according to JCPDS card no. 

65-0160. Analysis of the XRD patterns for the nanocomposites 1PGMS, 2.5PGMS, and 

4PGMS shows that peaks attributed to MoS2, GO, and PANI are still present. This indicates 

that these components have been effectively integrated into the nanocomposite structures. In 

the nanocomposite, the broad peak at 2θ = 14.54° could be attributed to the d(121) spacing of 

PANI, the d(002) spacing of GO, and the d(002) spacing of MoS2. Using the Scherrer equation,  
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the crystallite sizes (D) are determined to be 40.4 nm for MoS2, 132.21 nm for PANI, 101.6 nm 

for g-GO, and 108.32 nm for 2.5PGMO.  
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Fig 4.1: (a) XRD pattern, (b) UV-Vis DRS spectra, (c) Tauc’s plot, and (d) PL spectra of GO, 

PANI, MS, 1PGMS, 2.5PGMS, and 4PGMS. 
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Fig 4.2: FTIR of PANI, GO, MoS2, 1PGMS, 2.5PGMS, and 4PGMS. 

A photocatalyst's light absorption capability is essential for its photocatalytic activity. Fig 4.1b 

shows the UV–vis absorption spectra of the different as-synthesized photocatalysts. MoS2 

nanospheres absorb strongly in the UV range (250−400 nm), whereas the ternary 

nanocomposites (PGMS) exhibit a wider absorption across visible spectra. The broader 

absorption is due to PANI, which sensitizes the photocatalysts to visible light. Additionally, the 

color change from black in MoS2 to dark green in the ternary nanocomposites indicates 

successful PANI integration and enhanced visible light absorption (Fig 4.1b). Tauc’s formula,  
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(αhν) (1/n) = A (hν – Eg), calculates a semiconductor's energy gap. In this formula, hν is photon 

energy, Eg is the bandgap, A is a constant, and α is the coefficient of light absorption. The 

exponent "n" reflects the electronic transition type, where n = 1/2 signifies a direct transition. 

In this study, the bandgap energy (Eg) was determined from plots of (αhν)1/2 versus Eg. As 
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shown in Fig 4.1c, the Eg values are 1.53 eV for MoS2, 2.18 eV for 2.5PGMS, 2.21 eV for 

1PGMS, and 2.20 eV for 4PGMS.  

Photoluminescence (PL) spectra are commonly used to evaluate processes like carrier capture, 

movement, transport, isolation, and recombination. Fig 4.1d shows the PL emission spectra for 

MoS2, PANI, GO, and PGMS composites, highlighting a luminescent peak around 452 nm. 

Notably, the PL emission intensity of PGMS composites is significantly lower compared to 

pure MoS2, PANI, and GO. This reduced fluorescence indicates the potent isolation of light- 

generated pairs of electrons and holes within the composite structure. Efficient management of 

electron-hole pairs is crucial for improving photocatalytic degradation. Effective separation of 

these pairs prevents recombination, allowing for better utilization in photocatalytic reactions. 

Fig 4.3: (a) XPS survey spectrum of 2.5PGMS and core level spectrum of (b) C 1s, (c) O 1s, 

(d) N 1s, (e) Mo 3d, and (f) S 2p. 

4.3.1.2. EIS analysis: 
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EIS measurements were utilized to evaluate the charge transfer efficiency in PANI, GO, MS 

and its nanocomposite (Fig 4.4). In a Nyquist plot, a smaller arc radius typically indicates 

improved interfacial charge transport. The incorporation of PANI, GO, and MS co-catalysts 

resulted in a reduced arc radius, suggesting lower electron transfer resistance and decreased 
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recombination of electron-hole pairs, ultimately enhancing interfacial charge carrier transport. 

Among the tested materials, the ternary 2.5PGMS composite exhibited the smallest arc radius, 

demonstrating its superior conductivity, faster charge migration, and more effective separation 

of photo-induced carriers. These EIS results are consistent with the PL analysis, underscoring 

the critical role of the ternary 2.5PGMS hybrid in optimizing charge separation. 

Fig 4.4: EIS plot of (a) GO, (b) PANI, (c) MS, and (d) 2.5PGMS. 
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Fig 4.5: Mott-Schottky plot of (a) PANI (b) MS (c) GO (d) 2.5PGMS. 

4.3.1.3. Surface properties: 

FESEM investigation was conducted to understand the arrangement properties of the 

synthesized composite. FESEM images of MoS2, PANI, GO, and the 1PGMS composite are 

depicted in Fig 4.6 (a-d). The MoS2 sample exhibited nanospheres ranging from 35 to 55 nm 

in diameter, while PANI displayed a fibrous, porous morphology. GO's exfoliated and well-

agglomerated layers were observed, likely attributable to oxygenated surface functional 

groups. In the nanocomposite, GO agglomerated with PANI, and MoS2 nanospheres were 

visible in the mixture (Fig 4.6d). The FESEM images confirmed the existence of polyaniline, 

GO, and MoS2, indicating the successful establishment of heterojunctions. Energy dispersive 

spectroscopy (EDS) analysis, shown in Fig 4.7, confirmed the presence of C, N, Mo, O, and S 

in the nanocomposite 
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Fig 4.6: FESEM image of (a) PANI, (b) GO, (c) MS, and (d) 2.5 PGMS. 

Fig 4.7: (a) FESEM image of 2.5PGMS (b,c) EDS spectrum of 2.5PGMS. 
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The specific surface area of the synthesized nanocomposites was evaluated to analyze their 

surface characteristics in detail. Fig 4.8 and 4.9 present the nitrogen adsorption-desorption 

isotherms, which exhibit a type IV Langmuir isotherm with distinct H1 hysteresis loops for all 

the composites, as well as for individual components such as MoS₂, PANI, and GO. The 

presence of these hysteresis loops confirms the mesoporous nature of the materials, indicating 

well-defined pore structures. 

The pore size distribution was determined using the Barrett-Joyner-Halenda (BJH) method, as 

depicted in Fig 4.8 and 4.9. Table 4.1 provides a comparative analysis of surface area and pore 

volume, showing that pure PANI possesses a relatively high surface area and pore volume. 

However, the synthesized composites exhibit even higher surface areas than pure PANI, GO, 

and MoS₂, highlighting their enhanced porosity and surface characteristics. 

Notably, the PGMS composites follow an increasing trend in surface area, with values recorded 

as 35.1 m²/g for 1PGMS, 43 m²/g for 4PGMS, and 52.6 m²/g for 2.5PGMS. The superior 

photocatalytic performance of the 2.5PGMS composite is attributed to its higher surface area, 

which enhances pollutant adsorption and provides more active sites for catalytic reactions. This 

increased active surface area plays a crucial role in improving hydrogen production through 

water splitting, further confirming the composite’s effectiveness in photocatalytic applications. 

Table 4.1: BET-specific surface area, total pore volume, and average pore diameter. 

Photocatalyst Specific Surface 

Area (m2/g) 

Total Pore Volume 

 (cm3/g) 

Average Pore 

Diameter (nm) 

PANI 18.3 0.0203 4.5 

GO 10.6 0.034 5.3 

MS 7.3 0.0073 4.2 

1PGMS 35.1 0.044 5.0 

2.5PGMS 52.6 0.0841 6.4 

4PGMS 43 0.052 4.8 
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Fig 4.8: (a), (c), and (e) are adsorption-desorption curves of PANI, GO, and MS respectively, 

whereas (b), (d), and (f) are BJH plots of PANI, GO, and MS respectively. 

Fig 4.9: (a), (c), and (e) are adsorption-desorption curves 4PGMS, 2.5 PGMS, and 1PGMS 

respectively, whereas (b), (d), and (f) are BJH plots of 4PGMS, 2.5 PGMS, and 1PGMS 

respectively. 

4.3.2.  Removal of the organic pollutant methyl orange (MO) through photocatalysis: 
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Fig 4.10d illustrates the limited effectiveness of photolysis alone for removing methyl orange 

(MO), showing only about a 4% decrease in absorbance after 120 minutes of LED light 

exposure. This minimal reduction indicates that MO is highly resistant to light-induced 

degradation. In the dark, after 120 minutes of reaching adsorption-desorption equilibrium, 

2.5PGMS adsorbed approximately 32% of MO. In comparison, other materials showed lower 

adsorption: bare PANI (21%), GO (26%), molybdenum trioxide (9%), 1PG (1 wt% of GO) 

(12%), 11GMS (1:1 of GO and MoS2) (11%), 1PMS (1 wt% of MoS2) (10 %), 1PGMS (28%), 

4PGMS (29%), and TiO2 (8%) (Fig 4.10d). The enhanced adsorption capacity of 2.5PGMS is 

because of the increased surface area and a higher count of adsorption areas for the anionic 

dye, achieved by incorporating 2.5 wt% GO/MS onto PANI. Upon illumination with LED light 

for 120 minutes, the photocatalytic efficiency improved as follows: PANI (30%) < GO (32%) 

< MoS2 (33%) < TiO2 (34%) < 1PMS (46%) < 1PG (53%) < 11GMS (74%) < 1PGMS (87%) 

< 4PGMS (85%) < 2.5PGMS (99%) (Fig 4.10d). This indicates that bare MoS2's limited 

photodegradation capability is due to its restricted photo-response spectrum, inadequate 

surface area, and rapid recombination of photo-induced charge carriers. PANI and GO improve 

performance, with 1PMS, 1PG, and 11GMS showing enhanced photocatalytic activity 

compared to single-component materials. However, increasing 11GMS beyond 2.5 wt% 

slightly decreased MO removal efficiency. This reduction is attributed to inefficient charge 

distribution and potential blocking of active sites by excess 11GMS, which limits light 

penetration and photocatalytic efficiency. Thus, an optimal 11GMS load maximizes the 

synergy between PANI, GO, and MoS2, enhancing photocatalytic activity through a smaller 

band gap, better light absorption, and reduced recombination of electron-hole pairs. 

Furthermore, the kinetics of MO photocatalytic degradation were quantitatively analyzed using 

a pseudo-first-order rate equation 3.2 (Chapter 3) on the experimental results.  The 

degradation rate constants are as follows: 1PGMS (0.02353 min⁻¹), 2.5PGMS (0.03 min⁻¹), 

4PGMS (0.02523 min⁻¹), 1PG (0.01241 min⁻¹), 1PMS (0.00512 min⁻¹), 11GMS (0.0123 

min⁻¹), PANI (0.00422 min⁻¹), GO (0.00135 min⁻¹), MoS2 (0.00472 min⁻¹), and TiO2 (0.00324 

min⁻¹). The synergy from combining PANI, GO, and MoS2 was measured using the synergy 

factor (R), determined by the equation: 

R = 
𝑲𝑷𝑨𝑵𝑰+𝑮𝑶+𝑴𝒐𝑺𝟐

𝑲𝑷𝑨𝑵𝑰+𝑲𝑮𝑶+𝑲𝑴𝒐𝑺𝟐
                                                                                                                 (4.1)     
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The rate constants for photodegradation of the PANI/GO/MoS2 composite and individual 

components (PANI, GO, and MoS2) are denoted as K(PANI+GO+MoS2), KPANI, KGO, and KMoS2, 

respectively. The synergy factors calculated for 1PGMS, 2.5PGMS, 4PGMS, 1PG, 1PMS, and 

11GMS are 1.9, 2.6, 2.3, 1.6, 0.5, and 1.8, respectively. Among these, 2.5PGMS exhibited the 

highest synergy factor, leading to its most effective photocatalytic degradation with a rate 

constant of 0.03 min-1. 

4.3.2.1. Effect of catalyst dosage amount: 

The efficiency of the photocatalyst is primarily influenced by the amount of catalyst used. To 

examine how dosage impacts on MO degradation, experiments were conducted with varying 

amounts of the ternary photocatalyst (2.5PGMO) from 1 to 4 mg, keeping the MO 

concentration constant at 20 ppm. At the lowest dosage (0.1 g/L), fewer active species were 

involved in MO degradation, leading to reduced photocatalytic efficiency. The optimal 

degradation efficiency occurred at 0.2 g/L (Fig 4.10a), where active site availability and light 

energy utilization were maximized. However, increasing the catalyst dosage beyond 0.2 g/L 

did not significantly enhance the degradation rate, likely due to catalyst accumulation, which 

could reduce solution transparency and light penetration, as well as deactivate some catalyst 

surface areas. These results suggest that 0.2 g/L is the optimal catalyst dosage for maximum 

MO photodegradation 

4.3.2.2. Impact of the solution’s pH: 

The dye solution's pH notably impacts the composite's adsorption ability and thus influences 

the degradation efficiency [40]. To examine how pH affects the removal of MO dye, solutions 

with different pH levels were created using 0.1 N HCl and 0.1 N NaOH. The pH of catalyst-

to-dye solutions at a concentration of 0.2 g/L was recorded before and after the degradation 

process. As shown in Fig 4.10b, the composite 2.5PGMS has a point of zero charge (pzc) 

around pH 7.07. Degradation efficiency increases from pH 1 to 6, peaking at pH 7.6 (Fig 

4.10c). In basic solutions, the efficiency decreases. These results highlight the critical role of 

solution pH in controlling the photocatalytic degradation efficiency of the composite. The 

surface charge of the composite, influenced by pH, plays a key role in the adsorption and 

degradation of MO dye molecules. Optimal performance is achieved under slightly basic  
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conditions (pH 7.6), stressing the importance of pH in designing effective photocatalytic 

processes. In strongly alkaline solutions, the formation of metal hydroxide precipitates on the 

catalyst surface leads to reduced degradation efficiency. 

4.3.2.3. Impact of the lighted area: 

The research examined the influence of the illuminated surface area on the photocatalytic 

efficiency of 2.5PGMS when exposed to visible light. A 0.2 g/L photocatalyst solution mixed 

with 20 ppm MO dye was agitated for 120 minutes under visible light. Various vessel diameters 

were employed to alter the reaction surface area, while keeping a consistent distance of 6 cm 

between the lamp and the surface of the solution. Results showed that increasing the exposed 

surface area improved degradation efficiency (Fig 4.10e). Larger surface areas allowed for 

greater light exposure, enhancing photocatalytic degradation and achieving optimal efficiency. 

Fig 4.10: (a) Effect of catalyst concentration, (b) pzc studies, (c) effect of pH, (d) kinetic 

studies, (e) impact of illuminated surface area, and (f) scavenger studies. 

4.3.2.4. Likely degradation route of MO: 

To assess the decomposition of organic dyes via photodegradation, monitoring TOC and COD 

levels during light exposure is essential. After 120 minutes of visible light exposure, MO shows 

a TOC reduction of 83.21% and a COD reduction of 86.11%. Fig 4.14a indicates nearly 

complete mineralization, with intermediates having limited mineralization potential,  
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suggesting the organic dye is broken down into byproducts with reduced mineralization 

capacity. 

The degradation products of MO using the 2.5PGMS nanocomposite were identified through 

GC-MS analysis. Fig 4.11 presents the mass spectra for MO degradation by 2.5PGMS. The 

characteristic mass spectrum of MO dye is at m/z 306. After 120 minutes of degradation, the 

spectra show peaks at m/z 121, 136, 157, and 172, corresponding to intermediate products. 

These include sulfanilic acid at m/z 172, which breaks down into benzenesulfonic acid at m/z 

157 after losing an amino group (NH2). Similarly, N,N-dimethyl-p-phenylenediamine at m/z 

136 degrades into N,N-dimethyl benzenenamine at m/z 121, also after losing an amino group. 

The results suggest that MO degradation involves cleavage of the azo bond (–N=N–), 

producing sulfanilic acid and N,N-dimethyl-p-phenylenediamine[41]. The proposed 

degradation mechanism is shown in Fig 4.12, with further breakdown potentially leading to 

CO2 and H2O. 

Fig 4.11: GC-MS data after degradation of methyl orange. 
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Fig 4.12: Proposed mechanism for the photocatalytic breakdown of methyl orange with 

2.5PGMS catalyst. 

4.3.2.5. Influence of scavengers on charge transfer mechanisms: 
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methyl orange degradation mechanism is outlined in Fig 4.13, along with the corresponding 

equations (4.2–4.7)[48]. 

PANI + hν                                  eVB
- (PANI) + hCB + (PANI)                                                       (4.2) 

 GO + hν                                     eCB
− (GO) +  hVB + (GO)                                                                           (4.3) 

 MoS2 + hν                                 eCB
− (MoS2) + hVB + (MoS2)                                                                   (4.4) 
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 eVB
- (PANI) + O2                      O2.– (PANI)                                                                                      (4.5) 

hVB + (PANI/GO/MoS2) + OH–                   OH. (PANI/GO/MoS2)                                           (4.6) 

O2.– (PANI), OH. (PANI/GO/MoS2) + MO                          Degraded products                      (4.7) 

Fig 4.13: Proposed charge transfer mechanism for photocatalytic degradation and hydrogen 

production in the 2.5PGMS composite. 
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4.3.2.6. Studies on reusability: 

The durability of a photocatalyst is essential for its continued application in environmental 

cleanup. Therefore, it's important to assess the composite's stability across multiple 

photodegradation cycles. The 2.5PGMS composite displayed impressive photostability, 

maintaining a high degradation efficiency of 85-98% for MO even after five cycles, as shown 
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in Fig 14b. XRD analysis after degradation indicated only a slight reduction in peak intensity, 

likely caused by dye adsorption on the catalyst's surface, while the XRD pattern remained 

unchanged (Fig 14c). These findings suggest the photocatalyst retains its durability and 

structural integrity over time. The 2.5PGMS photocatalyst was systematically compared with 

various materials documented in the literature for their efficacy in photocatalytic detoxification 

of organic pollutants, as detailed in Table 4.2. This comparative analysis reveals that 2.5PGMS 

not only achieves superior degradation efficiency but also does so at a lower catalyst 

concentration, highlighting its potential in effectively treating persistent organic pollutants with 

enhanced efficiency and reduced material usage. 

Table 4.2: Comparison of different photocatalyst materials for photocatalytic degradation. 

Photocatalyst Catalyst amount (mg) % degradation Time (min) References 

PANI-TiO2 10 89.7 120 [49] 

PANI/TiO2/Cotton - 87.7 180 [50] 

PANI/TiO2/SiO2 - 87 120 [51] 

PANI/Fe-TiO2 - 28 150 [52] 

Ag-Ag2O/TiO2@PPY 100 100 175 [53] 

PEDOT/GO/MnO2 20 92.7 420 [54] 

RGO/mesoTiO2/AuNP 10 - 240 [23] 

PANI@GN/TiO2 50 87 180 [55] 

Ag2O/TiO2@PPY 50 100 240 [56] 

PANI/TiO2 5 99 360 [57] 

Ag-ZnO/PANI 200 98.6 120 [58] 

PANI/GO/MoS2 (2.5%) 2 99 120 Present 

work 
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4.3.2.7. Studies on hydrogen production via photocatalysis: 

Hydrogen generation through photocatalytic water splitting was studied over 24 hours under 

LED light using four different solutions. The first solution included 1 ml of methanol 

(sacrificial agent) in 19 ml of water. The second solution consisted of 1 ml of HCl diluted in 

19 ml of water, while the third was basic, comprising 1 ml of 1N NaOH mixed with 19 ml of 

water. The fourth solution contained only 20 ml of water. In the presence of methanol, 1500 
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ppm of hydrogen gas was generated. (Fig 14d). Methanol serves as a sacrificial donor and hole 

scavenger, leading to the formation of intermediates like formaldehyde or formic acid. In the 

photocatalytic reaction, hydrogen ions (H⁺) partially participate in the reduction process with 

these intermediates. Hydrogen production reached 1000 ppm in acidic conditions, whereas 

under basic conditions, it yielded 800 ppm (Fig 14d). With just the catalyst and water, 400 ppm 

of hydrogen was released (Fig 14d). Quantum efficiency was about 26% with methanol, 22% 

in acidic solution, 19% in basic solution, and 15% with only the catalyst. Equations 4.8-4.11 

demonstrate the role of electron-hole pairs in the conduction and valence bands in facilitating 

redox reactions [59][60]. 

In acidic condition:                                  

Oxidation:             2H2O (l) + 4h+             O2 (g) + 4H+ (aq)                                                  (4.8) 

 

E0(oxidation) = -1.23 V 

Reduction                  2H+ + 2e-                    O2 (g) + 2H2 (g)                                                       (4.9) 

 E0reduction = 0 V 

In basic condition: 

Oxidation:                  2OH- (aq)                  1/2 O2 (g) + H2O (l) + 2e-                                     (4.10) 

Reduction:                 2H2O (l) + 2e-                  H2 (g) + 2OH-                                               (4.11) 
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Fig 4.14: (a) TOC and COD of MO before and after degradation, (b) reusability studies, (c) 

XRD of 2.5PGMS before and after degradation, and (d) hydrogen production studies. 
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 Multifunctional PANI–LDH for Dye Mineralization and Hydrogen Production 

 

 

 

 

Highlights 

 

➢ Fabrication of different mole ratios of Polyaniline-LDH nanocomposite. 

➢ Photocatalysts efficacy tested by degradation of Cango red and H2 production from 

water splitting. 

➢ Photocatalytic elimination of Cango red (98 %, rate constant~ 0.037 min−1) was 

observed under LED light. 

➢ The nanocomposite produced 10475 ppm of hydrogen gas in the presence of a 

sacrificial agent (MeOH) with an AQE of 20%. 
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5.1. Introduction: 

Environmental pollution remains a critical challenge faced daily by both developed and 

emerging nations across the globe. Both fossil fuel and anthropogenies pollution of air, water, 

and solid waste plays a major role in disrupting environmental balance[1]. The quick evolution 

of current human society and the exhaustion of fossil energy sources highlight the urgent need 

to create energy sources that are clean, affordable, and environmentally sustainable[2]. 

Producing clean, carbon-free hydrogen through light-driven water decomposition via 

photocatalysis offers a highly optimistic method for transforming solar power into stored 

chemical energy [3][4][5]. Light-assisted catalytic splitting of water using semiconductor 

compounds subjected to sunlight is a promising and eco-friendly approach to transform solar 

power into hydrogen fuel[6][7]. Organic pollutants in water exist in various forms and can be 

classified into several categories, including pesticides, pharmaceuticals, phenolic compounds, 

surface-active agents, organohalides, dyes, and hydrocarbons[8]. A large number of these 

pollutants are chemically stable, difficult to break down, toxic, and even 

carcinogenic[9][10][11]. Both the solar energy conversion efficiency and photo-catalytic 

degradation of individual semiconducting materials remain limited caused due to the fast 

recombination of e--h+ pairs generated by photo excitation. Building a heterojunction structure 

is an effective approach to address this problem[12]. Compared to this, PANI, being one of the 

most extensively researched conductive polymers, has a wide range of uses within both the 

catalytic and light-assisted catalytic (photocatalytic) sectors. Polyaniline (PANI), a polymer 

with a long π-conjugated backbone, demonstrates remarkably high electrical conductivity 

when treated with a protonic acid dopant. Polyaniline (PANI) can be found in three distinct 

oxidation states: the leucoemeraldine base, the emeraldine base, and the pernigraniline base. 

Of the three forms, the leucoemeraldine base shows limited reducing capability, primarily 

because the benzene rings are connected by −NH− linkages. The interface between polyaniline 

(PANI) and an n-type semiconductor Induces self-established potential gradient across the 

junction of the p- and n-type materials[13]. This electric field promotes the swift migration of 

photogenerated holes into the polyaniline (PANI) layer, where they oxidize nearby materials, 

while photogenerated electrons are quickly directed to reduction reactions occurring on the 

surface of the n-type semiconductor composite[14]. Due to their distinctive structure and 

functional properties, two-dimensional layered double hydroxides (LDHs) have attracted  
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considerable attention for use in photocatalytic applications. Layered double hydroxides 

(LDHs) are a category of inorganic compounds, commonly represented by the formula [M²⁺1-

xM³⁺x(OH)2]X⁺[Ax/n]
n-.mH₂O, where M²⁺ denotes divalent metal cations, and M³⁺ refers to 

trivalent metal cations. The structure is composed of octahedral units that share edges, where 

each metal ion is surrounded by six hydroxyl (OH) groups. Partially replacing Ni²⁺ cations with 

Al³⁺ via isomorphic substitution yields a positively charged Ni Al-LDH. Furthermore, the anion 

[Aⁿ⁻], which balances the charge, is located in the spaces between the layers[15][16][17]. 

Applications of LDHs span adsorption, electrochemical technologies, energy storage solutions, 

pharmaceutical delivery, and catalysis[18]. Their widespread use is due to factors such as 

natural abundance, affordability, excellent chemical stability, broad redox capabilities, non-

toxicity, and an extensive surface area [19]. The versatility of the matrix components and the 

configuration of the intercalated anions contribute to improving the photocatalytic efficiency 

of LDHs. To address these challenges and raise the photocatalytic efficiency of unmodified 

LDHs, researchers have turned to constructing heterojunctions with various two-dimensional 

materials[20][21][22]. In recent times, numerous nanocomposites based on heterojunctions 

have been effectively synthesized, such as g-C3N4/Ni Al LDH[23], Ag/Zn Ti LDH[24], Au-

loaded CaFe2O4/Co Al LDH[21], Ni Al LDH/Fe2O4/RGO[25], Au-Pd/Ni Al LDH[26], Ga2O3-

modified Mg Al LDH[27], g-C3N4/Mg Fe LDH[28], g-C3N4/Ni Fe LDH[29], r-GO/La2Ti2O7/ 

Ni Fe LDH[30], MgO/MgCr2O4[31], and Co Mn LDH/g-C3N4[32].  All studies either involved 

the use of expensive noble metals or required a relatively long time for degradation to be 

completed. Huang et al. synthesized a C3N4/MgAl0.80Ce0.20-LDH composite, which degraded 

Rhodamine B dye (50 mg/L catalyst concentration) within 180 min, achieving 90% 

efficiency[33]. Similarly, Chen et al. reported a CuS/UiO-66 composite that degraded 

methylene blue dye (150 mg/L catalyst concentration) in 60 min, also with 90% efficiency[2]. 

Notably, both studies required relatively high catalyst concentrations and longer reaction times 

to achieve 90% degradation. In contrast, our synthesized PANI/Ni-Al LDH composite achieved 

99% Congo red dye degradation within 120 min using comparatively lower catalyst 

concentration. Furthermore, we have also explored the photocatalytic water splitting 

performance of our composite, which demonstrates its multifunctionality. The integration of 

Ni-Al LDH with PANI in a two-dimensional heterojunction considerably lowers electron–hole 

recombination and improves the material’s ability to absorb light. This study aims to develop 

a novel binary nanocomposite consisting of polyaniline (PANI), Ni-Al LDH, and to assess its  
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efficacy in degrading Cango red (CR) dye via photocatalysis under visible light. 

Comprehensive analyses of the synthesized composites implemented using FTIR, XPS, UV-

DRS, XRD, HRTEM, and FESEM techniques. Various factors influencing photocatalysis were 

evaluated, such as solution pH, catalyst concentration, light-exposed area, and the role of 

scavengers. To gain a more comprehensive understanding, HRMS was utilized to examine both 

the intermediate and final degradation products, and the underlying mechanisms were 

investigated. To assess its potential for sustainable hydrogen generation, the photocatalyst was 

tested for photocatalytic water splitting under diverse scenarios, including the presence of a 

sacrificial agent and different pH values. By analyzing AQE%, the photocatalyst exhibited 

strong photon-harvesting abilities, contributing simultaneously to pollutant degradation and 

H2/O2 evolution. 

5.2. Methodology: 

5.2.1.   Methodology for synthesizing PANI, LDH, and the binary nanocomposite: 

The synthesis of PANI was carried out using the oxidative polymerization technique, as 

described in our previous study.  

A hydrothermal technique was employed to synthesize the Ni-Al layered double hydroxide 

(LDH). Initially, 0.435 g of nickel nitrate and 0.188 g of aluminium nitrate were mixed into 50 

mL of distilled water and agitated steadily for 30 minutes. Afterward, 0.296 g of ammonium 

fluoride along with 1.20 g of urea was introduced, followed by an additional 30 minutes of 

stirring. After mixing, to initiate the hydrothermal reaction, the solution was sealed in a 50 mL 

Teflon-lined autoclave and maintained at 120 °C for a duration of 24 hours. Once the solution 

naturally returned to room temperature, the product was separated via centrifugation and 

washed several times with ethanol and distilled water. To complete the process, the powder was 

placed in an oven at 60 °C and dried for 12 hours.  

 Polyaniline - LDH Nanocomposites                                                                Chapter 5 

 

1

37

68

118

Page 116 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615

Page 116 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615



As illustrated in Scheme 5.1, the binary nanocomposite was synthesized by initially dispersing 

a precise amount of polyaniline (PANI) in 50 mL of water, followed by ultrasonic treatment to 

achieve a homogeneous suspension. Subsequently, specific quantities of nickel nitrate and 

aluminium nitrate were dissolved into the PANI dispersion. After adding ammonium fluoride 

and urea, the solution was stirred steadily for 60 minutes. Hydrothermal synthesis was carried 

out by sealing the solution in a 50 mL Teflon-lined autoclave and heating it at 120 °C for 24 

hours. Upon completion, the autoclave was cooled gradually to ambient temperature without 

external intervention. The resultant material was recovered by centrifugation and extensively 

rinsed several times using distilled water and ethanol. The powder was ultimately dried in an 

oven set to 60 °C for 12 hours. Three different compositions of binary nanocomposites were 

prepared with varying LDH contents—2 wt%, 5 wt%, and 7 wt%—with the remaining portion 

consisting of PANI. These samples were designated as 2PL, 5PL, and 7PL, respectively.  

Scheme 5.1: Synthesis procedure of PL nanocomposite. 

5.2.2. Techniques for characterization: 

5.2.3. Photocatalytic activity experiments: 

5.2.3.1. Examining the performance of photocatalytic degradation: 

To evaluate the degradation activity, 4 mg of catalyst was mixed with 20 mL of Congo Red dye 

solution (25 ppm). The system was maintained under dark conditions for 2 hours to enable the 

establishment of adsorption–desorption balance. Under constant agitation, the solution 

underwent photodegradation within the photocatalytic setup illuminated by a 40 W LED lamp 

(637 W/m²). Using a UV–vis spectrophotometer, the CR concentration was measured, and its 

degradation efficiency was computed using the formula of equation 2.5 (Chapter 2). The 

degree of mineralization was calculated using the equation 3.1 (Chapter 3). 
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 The HRMS technique was applied to detect CR degradation products, where their m/z values 

served to infer structural information. Within this framework, 'm' indicates the mass of the 

molecule, and 'z' represents its charge state. For the analysis, the mobile phase consisted of 

HPLC-grade water. 

5.2.3.2. Photocatalysis-driven hydrogen generation: 

The photocatalyst (2 mg) was suspended in 20 mL of water with 1 mL of methanol added as a 

sacrificial reagent. Photocatalytic tests were conducted under four scenarios: no sacrificial 

agent, acidic solution, basic solution, using a sacrificial reagent under inert nitrogen conditions. 

An airtight lid was used to tightly seal the vessel, and hydrogen produced through 

photocatalysis was analyzed using gas GC equipped with a TCD, with nitrogen serving as the 

transporting gas. The experiment was carried out in a photocatalytic setup, utilizing a 40 W 

Philips LED bulb as the illumination source. A magnetic stirrer was employed during the 

photocatalytic reaction to ensure continuous mixing of the system. To determine the apparent 

quantum efficiency (AQE), the formula was applied form equation 2.15 (Chapter 2). 
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5.3. Results and discussion: 

5.3.1. Evaluation of the structural and functional properties of the prepared 

photocatalyst: 

5.3.1.1. Assessment of spectral behaviour: 

X-ray diffraction (XRD) patterns collected between 10° and 50° 2θ were used to investigate 

the phase composition and crystallinity of the synthesized samples (Fig 5.1a). XRD data show 

specific peaks located at 2θ angles of 14.59° (121), 19.26° (310), and 25.69° (003), confirming 

the successful inclusion of PANI. The distinct peak observed at 25.69° (003) specifically 

demonstrates the structural polymeric features of PANI [34]. The diffraction peaks observed at 

11.44°, 23.12°, 34.80°, 39.34°, and 46.59° the observed reflections for pure Ni-Al LDH 

correspond to the (003), (006), (012), (015), and (018) planes in order. These peaks match the 

hexagonal symmetry of LDH, as identified by JCPDS reference 15-0087[35][36]. For the 

PANI/LDH composites, the peak corresponding to pure PANI (19.15°, 16.17°) was observed 

alongside the peaks of LDH (23.58°) with some amount of shifting, confirming its presence in 

the composites. The intensity of the LDH peaks increased as the weight percentage of LDH 
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(ranging from 2% to 7%) in the PANI/LDH samples rose, indicating successful formation of 

the composite. According to the Scherrer equation, the crystallite dimensions were calculated 

as 80.25 nm for LDH, 135.54 nm for PANI, and 104.23 nm for the 5PL material. 

The light absorption ability of a photocatalyst significantly contributes to enhancing its 

photocatalytic activity. The optical absorption characteristics of the prepared photocatalysts, as 

revealed by UV–vis spectroscopy, are shown in Fig 5.1b. Although LDH exhibits strong 

absorption in the UV range (250–400 nm), the PL binary nanocomposites show enhanced 

absorption spanning into the visible region. PANI is responsible for the enhanced visible light 

absorption, acting as a sensitizer that activates the photocatalyst under visible light. Scheme 

5.1 demonstrates that the change in color from LDH’s light green to the darker hue of the 

nanocomposites signifies efficient PANI loading and boosted visible-light sensitivity. The 

energy band gap of a semiconductor can be determined using Tauc’s equation: (αhν)1/2 = A(hν 

– Eg). In the given equation, hν signifies the energy of the incident photons, Eg refers to the 

band gap energy, A is a proportionality constant, and α stands for the absorption coefficient of 

light. Here, n is used to describe the type of electronic transition; when n=0.5, it indicates that  
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the transition is direct and allowed. In this work, the band gap energy (Eg) was estimated using 

plots of (αhν)0.5 versus photon energy. As illustrated in Fig 5.1c, the calculated band gap values 

are 2.31 eV for LDH, 1.95 eV for PANI, 1.82 eV for 2PL, 1.74 eV for 5PL, and 1.77 eV for 

7PL.  

1

3

14

104

158

190

226

Page 119 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615

Page 119 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615



Photoluminescence spectroscopy is widely employed to assess key processes such as carrier 

trapping, migration, transport, separation, and recombination. The photoluminescence  
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Fig 5.1: (a) XRD pattern, (b) UV-Vis DRS spectra, (c) Tauc’s plot, and (d) PL spectra of 

PANI, L, 2PL, 5PL, and 7PL. 

emission spectra of PANI, LDH, and PL composites are shown in Fig 5.1d, with all samples 

exhibiting a dominant peak at approximately 452 nm. It is noteworthy that the 
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photoluminescence emission intensity of the PL composites is considerably reduced in 

comparison to that of pure PANI, and LDH. The diminished fluorescence intensity suggests 

successful division of photoinduced e--h+ pairs throughout the composite material. Effective 

control of e--h+ pair dynamics is a key factor in advancing the effectiveness of photocatalytic 

degradation. Enhancing the division of e--h+ pairs reduce their recombination rate, thus 

improving their involvement in photocatalytic processes. Also, from Electrochemical 

Impedance Spectroscopy (EIS) (Fig 5.2), the 5PL composite exhibits superior charge 

separation compared to parent PANI and LDH, as indicated by its smaller arc radius. 

Fig 5.2: EIS spectra of 5PL, L, and PANI. 
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 the  
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Fig 5.3: presents the XPS analysis of the 5PL sample, including (a) the survey spectrum and 

high-resolution core-level spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) Ni 2p, and (f) Al 2p. 

binding energy spectrum. Likewise, peaks at 68.49 eV and 74.25 eV appear in the Al 2p 

spectrum (Fig 5.3f), representing the Al 2p₁/₂ and Al 2p₃/₂ states, respectively[23][41].  

As depicted in Fig 5.4, Fourier-transform infrared (FTIR) spectroscopy identified distinct 

absorption bands associated with distinct functional groups and their characteristic vibrational 

modes. A distinct peak at 1536 cm⁻¹ indicates the occurrence of C=C stretching in benzenoid 

structures, whereas the absorption at 1390 cm⁻¹ arises from C–N stretching vibrations. 

Moreover, the spectral peak at 1265 cm⁻¹ signifies the existence of a protonated C–N functional 

group. The signal at approximately 776 cm⁻¹ also indicates the delocalization of electrons 

within the polymer network[42][43]. Fig 5.4 displays broad absorption features near 3480 cm⁻¹ 

and 1630 cm⁻¹. The band at ~3480 cm⁻¹ arises from the symmetric and asymmetric stretching 

of brucite-like Ni/Al–OH layers, whereas the signal at ~1630 cm⁻¹ corresponds to the bending 

vibration of water molecules confined in the LDH interlayer space. The intense vibrational 

band at approximately 1370 cm⁻¹ corresponds to the antisymmetric ν₃ mode of interlayer 
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carbonate anions, while the peak at 2150 cm⁻¹ is associated with the presence of CO₂ in the Ni-

Al LDH samples. The bands observed under 800 cm⁻¹ are due to lattice vibrations involving 

Ni–O and Al–O bonds, as well as Ni–O–Al bridges in the LDH layers[44]. The appearance of 

signature peaks from individual PANI and LDH phases within the nanocomposite confirms 

their effective integration into a heterojunction. 
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Fig 5.4: FTIR of L, PANI, 2PL, 5PL, and 7PL. 

5.3.1.2. properties of the material's surface: 

FESEM was utilized to characterize the microstructural features of the synthesized composite 

material. Fig 5.5(a–c) depicts the FESEM surface morphologies of LDH, PANI, and the 5PL 

composite. The FESEM image of the pristine LDH, shown in Fig 5.5b, clearly reveals flower 

like particles with nanoscale thickness of the plates. A notable morphological difference is 

observed in the 5PL nanocomposite compared to the pristine LDH, as depicted in Fig 5.5c, 

where fibrous PANI structures are observed covering the LDH surface. The FESEM analysis 

revealed distinct features of polyaniline and LDH, supporting the effective formation of 

heterojunctions. As depicted in Fig 5.6, EDS analysis provided evidence of the 

nanocomposite's elemental constituents, which include C, N, O, Ni, and Al.  
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A more comprehensive examination of the 5PL nanocomposite’s surface and internal structure 

was performed using high-resolution TEM. The fibrous morphology of PANI surrounding 

LDH plates in the HRTEM visualization (Fig 5.5d) confirms the establishment of a PANI–

LDH 2D/2D heterojunction. As illustrated by Fig 5.5e, the HRTEM image highlights the 

boundary between LDH and PANI, with measured spacings of 0.760 nm and 0.350 nm 

matching the (003) planes of LDH and PANI. 

Fig 5.5: FESEM image of (a) PANI, (b) LDH, (c) 5PL, and HRTEM images (d-e) of 5PL. 
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Fig 5.6: Elemental mapping, EDS spectrum of 5PL. 

The synthesized nanocomposites’ surface features were analyzed through specific surface area 

measurements. Fig 5.7-5.8 displays a type IV Langmuir isotherm for all composites, as well as 

for bare PANI, and LDH, confirming their mesoporous characteristics. The pore size 

distribution was analyzed using the BJH method, as shown in Fig 5.8. As shown in Table 5.1, 

PANI is characterized by a notably large surface area and porous volume. The surface areas of 

all the composites are higher than those of pure PANI, and LDH. The surface area of the PL 

composites follows an increasing trend in the order of: 2PL (38.4 m²/g) < 7PL (44.2 m²/g) < 

5PL (53.6 m²/g). Enhanced pollutant adsorption and an expanded active surface area endow 

the 5PL composite with superior photocatalytic performance, thereby enabling more efficient 

hydrogen generation via water splitting. 
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Table 5.1: BET-specific surface area, total pore volume, and average pore diameter. 

Photocatalyst Specific Surface 

Area (m2/g) 

Total Pore 

Volume 

 (cm3/g) 

Average Pore 

Diameter (nm) 

PANI 18.3 0.0073 4.2 

LDH 30.5 0.0203 4.5 

2PL 38.4 0.044 5.0 

5PL 53.6 0.0841 6.4 

7PL 44.2 0.052 4.8 

 

Fig 5.7: (a), (b), (c), (d), and (e) adsorption-desorption curves of PANI, L, 2PL,5PL, and 7PL 

respectively. 
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Fig 5.8: (a), (b), (c), (d), and (e) BJH plots of PANI, L, 2PL, 5PL, and 7PL respectively. 

5.3.2. Photocatalytic degradation of the organic dye Cango red (CR): 

As depicted in Fig. 4(d), exposure to LED light alone (photolysis) results in minimal 

degradation of Congo red (CR), with absorbance decreasing by merely 2% after 120 minutes. 

This slight decrease suggests that CR exhibits strong resistance to degradation under light 

exposure. After 120 minutes in the absence of light, allowing for adsorption-desorption 

equilibrium, the 5PL composite demonstrated the highest adsorption capacity for CR, removing 

approximately 54%. In contrast, lower adsorption efficiencies were observed for other 

materials: PANI (3.27%), L (25.87%), 2PL (49%), 7PL (52%), and TiO2 (3.8%) as shown in 

Fig 5.9. The improved adsorption capacity of 5PL can be attributed to its increased surface area 

and a larger number of sites available for the negative dye, which resulted from the addition of 

L onto PANI. An ideal L load optimizes the interaction between PANI, and L, improving 

photocatalytic performance by narrowing the band gap energy, increasing light absorption, and 

minimizing the recombination of e--h+ pairs. To quantify the degradation kinetics of CR, the 

experimental data were modelled with a pseudo–first-order rate equation 3.2 (Chapter 3). The 

calculated degradation rate constants for the different samples are: PANI (0.006 min-1), L 

(0.00458 min-1), 2PL (0.027 min-1), 5PL (0.037 min-1), 7PL (0.032 min-1), and TiO2 (0.0038 

min-1). A synergy factor (R) was used to quantify the interactive effect of PANI and L, 

calculated using the equation below: 

8

9

68

208

Page 128 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615

Page 128 of 142 - Integrity Submission Submission ID trn:oid:::3618:126246615



 Polyaniline - LDH Nanocomposites                                                                Chapter 5 

 

R = 
𝑲𝑷𝑨𝑵𝑰+𝑳

𝑲𝑷𝑨𝑵𝑰+𝑲𝑳
                                                                                                                           (5.1)        

Photodegradation kinetics for the PANI/L composite and for PANI and L on their own are 

represented by K(PANI+L), K(PANI), and K(L) respectively. The calculated synergy factors for 2PL, 

5PL, and 7PL are 2.55, 3.5, and 3.02 respectively. Among all the samples, 5PL demonstrated 

the greatest synergy factor, consequently, it achieved the maximum efficiency in photocatalytic 

degradation with a corresponding rate constant of 0.037 min⁻¹. 

5.3.2.1. Influence of varying catalyst dosage levels: 

Photocatalytic performance is highly dependent on the dosage of the catalyst applied. To 

investigate the effect of catalyst dosage on CR degradation, a range of experiments was 

conducted using varying amounts (1 to 6 mg) of the 5PL ternary photocatalyst. while 

maintaining a constant CR concentration of 25 ppm.  A low photocatalyst loading of 0.1 g/L 

yielded fewer reactive species for CR degradation, which in turn decreased the photocatalytic 

performance. The highest degradation efficiency was achieved at a dosage of 0.4 g/L (Fig 5.9a), 

where both the availability of active sites and the utilization of light energy reached their peak. 

Despite the higher catalyst loading above 0.4 g/L, there was no substantial improvement 

observed in the degradation efficiency. This may be attributed to the aggregation of catalyst 

particles, which can lower the transparency of the solution, hinder light penetration, and 

potentially block or deactivate portions of the catalyst surface. It was observed that using 0.4 

g/L of catalyst provides the best outcome for attaining superior CR degradation performance. 

5.3.2.2. Influence of Solution pH on the Reaction: 

Variations in solution pH significantly affect the composite’s ability to adsorb the dye, thereby 

determining its degradation performance[45]. To assess the effect of pH on CR removal, pH 

variation in the solutions was attained by carefully titrating with either 0.1 N hydrochloric acid 

or 0.1 N sodium hydroxide. Prior to and after degradation, the pH of the catalyst (0.4 g/L) and 

dye mixtures was measured. Fig 5.9b demonstrates that the pzc of the 5PL composite lies near 

pH 6.7. As illustrated in Fig 5.9c, removal efficiency climbs from pH 1 to 6, peaks at pH 7.2, 

and then diminishes under alkaline conditions. This outcome demonstrates how solution pH 

directly affects the degradation capability of the photocatalyst. Varying pH changes the 

composite’s surface charge, which in turn significantly governs CR dye adsorption and  
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decomposition. A pH of 7.2 yielded the most effective photocatalytic results, underscoring the 

importance of maintaining suitable pH levels for maximum performance. Specifically, 

hydroxyl radicals (·OH) are the primary oxidizing species in photocatalysis. In basic medium, 

the higher OH⁻ concentration provides more precursors for ·OH generation, thereby enhancing 

degradation efficiency. In contrast, under acidic conditions, ·OH generation is suppressed and 

many reactive oxygen species (ROS) are less stable, leading to reduced degradation 

performance. The presence of excess hydroxide ions in highly basic solutions promotes the 

deposition of metal hydroxides on the catalyst, thereby lowering its degradation performance. 

5.3.2.3. Impact of the exposed light area: 

An evaluation was conducted to determine how different light exposure areas influence the 

photocatalytic efficiency of the 5PL nanocomposite under visible light[46]. The photocatalytic 

experiment involved stirring a 0.4 g/L suspension of the catalyst with 25 ppm CR dye under 

visible light for two hours. To control the area exposed to light, reaction vessels with different 

diameters were used, ensuring that the lamp remained fixed at 6 cm above the liquid surface. 

An enhancement in degradation performance was observed with the expansion of the region 

exposed to visible light as depicted in Fig 5.9e. Increased illuminated area intensified light 

absorption, which in turn enhanced the degradation performance and optimized efficiency. 

 Fig 5.9: (a) Effect of catalyst concentration, (b) pzc studies, (c) effect of pH, (d) kinetic 

studies, (e) impact of illuminated surface area, and (f) scavenger studies. 
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5.3.2.4. The anticipated degradation mechanism of CR: 

Evaluating the photodegradation of organic dyes involves tracking change in Total Organic 

Carbon (TOC) under light exposure. After 120 minutes of illumination with visible light, CR 

exhibits a significant decrease in TOC levels, by 50%. As shown in Fig 5.13a, this suggests 

that the dye undergoes 50% mineralization. The intermediates formed exhibit low potential for 

complete mineralization, implying that the original dye is degraded into less mineralizable 

compounds. To verify the degradation process and identify intermediate products, an HRMS 

analysis was conducted on the CR dye. The resulting mass spectra obtained at 120 minute is 

presented in Fig 5.10. According to literature, the degradation of CR can proceed through 

several pathways: (i) disruption of the carbon–sulfur bond within the aromatic structure, (ii) 

cleavage of the azo (─N═N─) linkage, (iii) fragmentation of the benzene aromatic core, and 

(iv) breaking of multiple carbon–nitrogen and carbon–carbon linkages. Breaking of the 

─N═N─, C─N, and C─C bonds results leading to the generation of various low-molecular-

weight intermediate species characterized by m/z values of 395.9, 351.13, 294.18, 174.995 as 

shown in Fig 5.10. These intermediates can subsequently undergo further mineralization, 

leading to the generation of CO₂, H₂O. Fig 5.11 presents the potential structures of intermediate 

compounds generated during the breakdown of the CR dye[47][48][49]. 

 

 

 

 

 

 

 

 

 

Fig 5.10: GC-MS data after degradation of Cango red. 
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Fig 5.11: Suggested mechanism for degrading Congo Red (CR) via photocatalysis with the 

5PL catalyst. 

5.3.2.5. Effect of scavenging agents on charge carrier transfer processes: 

The pathway by which degradation occurs is primarily driven by conduction band electrons, 

valence band holes, and contribution from reactive intermediates including hydroxyl and 

superoxide radicals, all of which are crucial to the process[50]. To identify the key reactive 

species participating in the process, a scavenger experiment was performed using different 

agents: isopropyl alcohol (IPA) for trapping hydroxyl radicals (OH•), dimethyl sulfoxide 

(DMSO) for electrons (e⁻), benzoquinone (BQ) for superoxide radicals (O₂•⁻), and methanol for 

capturing holes (h⁺)[51]. Acting as a reducing species, the superoxide radical (O₂•⁻) reacts with 

benzoquinone (BQ) to produce hydroquinone. The use of DMSO emphasizes the significance 

of •OH in the reaction. DMSO’s oxygen atom donates lone-pair electrons to facilitate electron 

movement and form hydrogen bonds with the hydrogen atom of •OH [52]. Fig 5.9f highlights 

the vital involvement of DMSO, methanol, IPA, and BQ in the degradation process, indicating 

the key roles of h⁺, OH•, and O₂•⁻ in the underlying mechanism. The integration of LDH into  
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the PANI framework leads to better charge separation, resulting in heightened photocatalytic 

efficiency of the 5PL composite. The band diagrams of LDH and PANI were investigated to 

shed light on this phenomenon. As shown in Fig 5.12, When exposed to visible light, PANI 

becomes photoexcited, generating e⁻ and holes h⁺. By moving from the CB of PANI to the VB 

of LDH, the energized electrons hinder the recombination process of charge carriers. This 

mechanism effectively reduces the rate at which electrons and holes recombine. LDH possess 

reduction potentials greater than that of the O₂/O₂⁻ couple (0.07 eV). LDH surface electrons 

facilitate the reduction of dissolved oxygen into superoxide species (O₂⁻/OH₂). Since the 

oxidation potential required to convert H₂O into OH· (+2.32 eV) is greater than the VB energy  
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Fig 5.12: Mechanistic insight into charge migration during photocatalytic degradation and H2 

generation in the 5PL nanocomposite. 

of PANI, the holes in PANI can effectively oxidize water, producing hydroxyl radicals[53]. Fig 

5.12 presents the suggested mechanism for CR degradation. 

5.3.2.6. Studies on reusability: 

Ensuring long-term effectiveness in environmental remediation requires a photocatalyst with 

strong durability. Thus, evaluating the stability of the composite over repeated 

photodegradation cycles is crucial. As illustrated in Fig 5.13b, the 5PL composite demonstrated 

remarkable photostability, retaining a degradation efficiency between 99% and 70% for CR 

over five consecutive cycles. Post-degradation XRD analysis revealed that the overall pattern 

remained consistent (Fig 5.13c), with only a minor decrease in peak intensity, which is likely 

attributed to dye molecules adhering to the surface of the catalyst. The results indicate that the 

photocatalyst maintains both its structural stability and long-term durability. A comparative 

evaluation, presented in Table 5.2, was carried out to assess the performance of the 5PL 

photocatalyst against various other materials previously reported for the photocatalytic removal 

of organic pollutants. The comparison demonstrates that 5PL delivers higher degradation 

performance even at a reduced catalyst dosage, emphasizing its capability to efficiently remove 

persistent organic pollutants while minimizing material consumption. 
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Table 5.2: Comparison of different photocatalyst materials for photocatalytic degradation. 

Photocatalyst Catalyst amount (mg) % degradation Time (min) References 

PANI-TiO2 10 89.7 120 [54] 

PANI/TiO2/Cotton - 87.7 180 [55] 

PANI/TiO2/SiO2 - 87 120 [56] 

PANI/Fe-TiO2 - 28 150 [57] 

Ag-Ag2O/TiO2@PPY 100 100 175 [58] 

PEDOT/GO/MnO2 20 92.7 420 [59] 

RGO/mesoTiO2/AuNP 10 - 240 [60] 

PANI@GN/TiO2 50 87 180 [61] 

Ag2O/TiO2@PPY 50 100 240 [62] 

PANI/TiO2 5 99 360 [63] 

Ag-ZnO/PANI 200 98.6 120 [64] 

C3N4/MgAl0.80Ce0.20-

LDH 

50 90 180 [33] 

CuS/UiO-66 150 90 60 [65] 

5PL 4 99 120 Present 

work 

 

5.3.2.7. Investigations into hydrogen generation through photocatalytic processes: 

Hydrogen generation through the process of photocatalytic water decomposition was 

investigated over a 24-hour period under LED bulb illumination, utilizing four distinct  
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solutions configurations. The initial solution was composed of 19 ml of water mixed with 1 ml 

of methanol, which acted as a sacrificial agent. In the second setup, 1 mL of hydrochloric acid 

was combined with 19 mL of distilled water. To create the third solution, 1 mL of 1 N NaOH 

was diluted in 19 mL of water, yielding an alkaline medium. The final setup was composed 

entirely of 20 mL of distilled water. As shown in Fig 5.13d, the use of methanol led to the 

generation of 11227 ppm of hydrogen gas. By serving as both an electron donor and a h+ 

scavenger, methanol facilitates the generation of intermediates such as formaldehyde and 

formic acid[66]. H⁺ ions take part in reducing intermediate products throughout the 

photocatalytic cycle. Under acidic conditions, H2 production was recorded at 9675 ppm, while 

basic conditions resulted in a yield of 10475 ppm. In contrast, using only water and the 

photocatalyst produced 8505 ppm of hydrogen, as also depicted in Fig 5.13d. The AQE 

achieved was approximately 20% when methanol was used, followed by 18% in a low pH 

setting, 21% under high pH conditions, and 16% with the catalyst alone. As illustrated in 

Equations 5.2-5.5, e--h+ pairs generated in the CB and VB serve a key function in promoting 

redox reactions[67][68]. 

In acidic condition:                                  

Oxidation:             2H2O (l) + 4h+             O2 (g) + 4H+ (aq)                                                  (5.2) 

 

E0(oxidation ) = -1.23 V 

Reduction              2H+ + 2e-                    O2 (g) + 2H2 (g)                                                       (5.3) 

 E0reduction = 0 V 

In basic condition: 

Oxidation:                  2OH- (aq)                  1/2 O2 (g) + H2O (l) + 2e-                                      (5.4) 

Reduction:                 2H2O (l) + 2e-                  H2 (g) + 2OH-                                               (5.5) 
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Fig 5.13: (a) TOC of CR before and after degradation, (b) reusability studies, (c) XRD of 

5PL before and after degradation, and (d) hydrogen production studies. 
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Chapter 6 

                              Conclusions and Future Perspectives   

 

6.1. Chapter 2: 

A ternary nanocomposite, PANI/BiOCl/GO with varying GO/BiOCl contents have been 

prepared using the in situ oxidative polymerization process. The formation of PANI, GO, 

BiOCl, and the different composites was confirmed through various characterization 

techniques. These materials were used for the mineralization of Rhb and for photocatalytic 

water splitting in the presence of a sacrificial agent, under acidic and basic conditions. The 

synergistic effect of BiOCl, PANI, and GO in the composite significantly improves 

photocatalytic degradation efficiency under sunlight. Among the different composites, 1PBG 

exhibits the best photocatalytic activity, with a first-order rate constant (0.015 min-1) of which 

is 7.25 times, 3.8 times, 3.9 times, and 4.7 times higher than that of PANI, GO, BiOCl, and 

TiO2-P25, respectively. The impact of the concentration of the catalyst, illumination area, and 

solution pH on the photodegradation was also investigated. This indicates that holes (h+), 

hydroxyl radicals (OH.), and electrons (e-) are the superior species in the degradation 

mechanism. The results indicate complete detoxification of the Rhb solution with a small 

amount of photocatalyst (0.6 g/L). The AQE for photocatalytic water splitting was found to be 

17.97% in the presence of CH3OH as a sacrificial agent, 9.69% in acidic medium, and 11.63% 

in basic medium. This work presents PANI/BiOCl/GO as a novel ternary composite which may 

be used in various solar-driven applications. 

6.2. Chapter 3: 

Ternary nanocomposites, PANI/GO/MoO3, featuring varied GO-MoO3 ratios, were 

synthesized through an in-situ oxidative polymerization process. Characterization techniques 

confirmed the synthesis of PANI, GO, MoO3, and their unique composites. The aforementioned 

components were utilized for the purpose of MO mineralization and photocatalytic water 

splitting, while a sacrificial agent was present. These processes were carried out under both 

acidic and basic conditions, as well as with the catalyst alone. The electron lifetime of the 

2.5PGMO composite stands at 0.612 ms, marking a significant increase compared to PANI, 

which has a lifetime of 0.0495 ms, GO with 0.023 ms, and MoO3 with 0.022 ms. Specifically, 

the electron lifetime of 2.5PGMO is 12 times longer than PANI, 25 times longer than GO, and  
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28 times longer than MoO3. The composite's synergistic effect involving MoO3, PANI, and GO 

significantly enhanced the efficiency of photocatalytic degradation when exposed to LED light. 

Notably, among the various composites, 2.5PGMO demonstrated the most promising catalytic 

activity under light exposure, boasting a first-order rate constant (0.0299 min^-1) that surpassed 

PANI, GO, MoO3, and TiO2-P25 by 4.87 times, 17.18 times, 6.63 times, and 7.77 times, 

respectively. Investigation into how catalyst concentration, size of the illuminated area, and 

solution acidity affect photodegradation was a focal point of the study. This underscores the 

pivotal role of h+, OH., and e- in the degradation mechanism. The findings demonstrated that 

using a small quantity of photocatalyst (0.2 g/L) achieved a 70% mineralization of the MO 

solution. Moreover, the apparent quantum efficiency (AQE) for photocatalytic hydrogen 

production was found to be 30.76% using CH3OH as the sacrificial agent, 27.78% in acidic 

conditions, 28.37% in basic conditions, and 27.34% using only the catalyst. The rod-shaped 

MoO3 enhances 2D GO dispersion, reducing its stacked layers and synergistically improving 

electron lifetime in the PANI/GO/MoO3 composite. This increased electron lifetime boosts dye 

degradation efficiency and solar-driven hydrogen production via water splitting. This study 

introduces PANI/GO/MoO3 as a novel ternary composite with potential applications in diverse 

solar-powered systems. 

6.3. Chapter 4: 

Ternary nanocomposites (PANI/GO/MoS2) were prepared through in-situ oxidative 

polymerization, varying the ratios of GO to MoS2. Characterization validated the successful 

synthesis of pure PANI, GO, MoS2, and their corresponding composites. These materials were 

utilized for the mineralization of MO and photocatalytic water splitting, employing a sacrificial 

agent under acidic and basic conditions, as well as with the catalyst on its own. The composite's 

photocatalytic efficiency under visible light was significantly enhanced by the synergistic 

interaction among MoS2, PANI, and GO, with 2.5PGMS exhibiting the greatest catalytic 

activity. Its first-order rate constant (0.03 min-1) was 7.1 times higher than PANI, 22 times 

higher than GO, 6.35 times higher than MoS2, and 9.26 times higher than TiO2-P25. Key 

parameters like catalyst concentration (0.2 g/L), illuminated area (15 cm2), and solution pH 

(7.6) were investigated for their impact on photodegradation, highlighting the importance of 

h+, OH., and O2. in the process. The findings demonstrate that a small amount of photocatalyst 

(0.2 g/L) achieves 83.21% detoxification of the MO solution. The apparent quantum efficiency 

(AQE) for hydrogen production was 26% with CH3OH as the sacrificial agent, 22% in acidic  
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conditions, 19% in basic conditions, and 15% using only the catalyst. This research showcases 

PANI/GO/MoS2 as a potential ternary composite suitable for a range of solar-powered 

applications. 

6.4. Chapter 5: 

Binary nanocomposites (PANI/LDH) were synthesized via oxidative polymerization carried 

out in situ, with different ratios of LDH (2 wt%, 5 wt%, and 7wt%). Analytical techniques 

validated the proper formation of pristine PANI, LDH, and their respective composite 

materials. These samples were applied to mineralize Congo Red and to split water photo 

catalytically using a sacrificial agent at different pH levels and also under catalyst-only 

conditions. Enhanced photocatalytic activity under visible light was observed in the composite 

as a result of the synergistic effect between PANI and LDH, with 5PL exhibiting the most 

superior performance. The reaction conformed to first-order kinetics, demonstrating a rate 

constant that exceeded pure PANI by sixfold, LDH by eightfold, and TiO2-P25 by ninefold. 

The impact of critical factors including catalyst dosage (0.4 g/L), light-exposed surface expanse 

(15 cm²), and solution pH (7.2) on the photodegradation process was examined, prominence 

the involvement of h⁺, OH⁻, and O₂ species in driving the reaction. The results indicate that a 

low concentration of photocatalyst (0.4 g/L) is sufficient to achieve 98% degradation of the CR 

solution. The AQE for H2 production was 19% when CH3OH was used as the sacrificial agent, 

18% under low pH conditions, 21% in high pH conditions, and 15% with the catalyst alone. 

This study highlights the potential of the PANI/LDH binary nanocomposite for various solar 

energy-driven applications. Characterization verified the efficacious preparation of pristine 

PANI, LDH, and their respective composites. 

6.5. Overall conclusion: 

Overall, hybrid structures combining conducting polymer (PANI) with metal 

oxide/chalcogenides appear to be highly promising candidates for photocatalytic applications 

under visible as well as solar light exposure. Many studies have indicated that reducing the 

likelihood of charge-carrier recombination is one of the simplest and most effective strategies 

for improving photocatalytic performance. Thus, metal oxide/chalcogenides nanohybrids 

incorporating PANI offer an excellent option, as their bandgap falls within the visible range, 

enabling them to capture as much as ~53% of incoming solar radiation. This thesis highlights 

how PANI and their evolving roles have been utilized to significantly improve the  
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efficiency of metal oxide/chalcogenides-based nanohybrid photocatalysts in breaking down 

hazardous chemicals, toxic pollutants, and hydrogen production via water splitting. When 

coupled with metal oxide/chalcogenides, PANI further promote the separation of 

photogenerated charge carriers by broadening light absorption from the UV into the visible 

range, thereby boosting the photocatalytic activity under visible illumination. The enhanced 

photocatalytic degradation efficiency can also be attributed to the synergistic interaction that 

forms between PANI and metal oxide/chalcogenides. Since polymers naturally inhibit particle 

aggregation, incorporating conducting polymer in higher concentrations during synthesis 

effectively minimizes extensive clustering, thereby improving photocatalytic performance. The 

π-conjugated backbones of conducting polymers readily capture photoinduced holes, which 

helps prevent self-oxidation of the photocatalyst, suppresses photo-corrosion, and ultimately 

enhances overall photostability.  

This thesis focuses on the fabrication of four different visible light-driven heterojunction 

photocatalysts i.e PANI/BiOCl/GO, PANI/GO/MoO3, PANI/GO/MoS2, and PANI/Ni-Al LDH 

prepared in various weight ratios using the in-situ polymerization method. The resulting 

composites exhibited superior properties compared to their pristine counterparts, including 

larger surface area, narrower band gap, reduced electron–hole recombination, and enhanced 

charge transport ability. A noteworthy feature of these photocatalysts is their excellent 

reusability and long-term stability, enabling repeated use without significant loss of activity.  

These characteristics highlight their potential for practical applications in photocatalysis. 

Table 6.1: Comparison of different photocatalyst materials for photocatalytic degradation and 

hydrogen production. 

Photocatalysis Pollutant  

(% degradation) 

H2 produced with sacrificial 

agent (CH3OH) 

PANI/BiOCl/GO Rhodamine-b (96%) 
 

1000 ppm, AQE is 17.97% 

PANI/GO/MoO3 Methyl orange (98%) 26468.4 ppm, AQE is 30.76% 

PANI/GO/MoS2 Methyl orange (99%) 1500 ppm, AQE is 26% 

PANI/Ni-Al LDH Cango red (98%) 
 

10475 ppm, AQE is 20% 
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Conclusions and Future Perspectives                                                        Chapter 6 

 

6.6. Challenges and future perspectives:  

Most studies on photocatalysis using conducting polymer/metal oxides/chalcogenides 

nanohybrids, as well as other similar nanocomposites, have been carried out in static laboratory 

setups. However, such systems are difficult to translate to real-world water treatment, where 

catalysts must remain stable in continuous flow conditions and where even minor metal 

leaching from the nanohybrids becomes a concern. Future investigations should focus on 

removing key contaminants from actual water sources by replicating real environmental 

conditions and gradually transitioning studies from controlled laboratory settings to field 

applications. Emphasis should be placed on developing efficient post-treatment recovery 

methods for the nanohybrids to enable their large-scale application. Implementing magnetic 

separation techniques could play a crucial role in post-treatment recovery of these nanohybrids, 

allowing their easy extraction through the application of an external magnetic field. 

Photocatalysis holds significant potential to create new avenues in solar energy harvesting and 

storage, and the field still offers substantial room for further advancement. Additionally, 

photocatalysis can serve as a vital tool in environmental remediation, providing effective 

pathways to eliminate diverse organic and inorganic pollutants including toxic metals like 

arsenic, chromium, and mercury from freshwater systems, while also aiding in the reduction 

and recovery of copper and noble metals. Future research should prioritize exploring the 

environmental and energy sustainability aspects of these hybrid systems. To achieve long-term 

sustainability, advancements in eco-friendly synthesis methods and their application in 

renewable energy production and environmental clean-up will be essential. Overall, 

PANI/metal oxides/chalcogenides based photocatalytic systems have demonstrated strong 

potential for removing organic pollutants at the laboratory scale; however, successful real-

world implementation will require overcoming several existing challenges that should be 

prioritised in future research. 
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